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INTRODUC TION 
When a small mass mis in orbit about a much larger point mass M, 
the centrifugal and gravitational forces on the small mass are in 
equilibrium 
hence M 
GMm 
w2 
v2w 
G • • • • • • • • • • ( 1 ) 
is the Keplerian expression for the mass of the larger body . A more 
accurate formula in the case where m, Mare more equal in s ize, is to 
replace the left hand side of equation (1) by (m + M). The quantities 
V and 0,.) are the orbital velocity and radius. As seen by an observer 
at an arbitrary position relative to the plane of the orbit , the observed 
velocity ~V and radius ~rare smaller than V andl0 • To correct ~V 
and~ to the plane of the ortit requires a knowledge of the orientation 
of the orbit relative to the observer~ It is the evaluation of these 
parameters which causes the most uncertainty in the determination of 
galaxy masses . 
There are three available methods for determining the mass of a 
galaxy, (a) from a study of internal motions within a galaxy (b) by the 
study of pairs of galaxies and (c) by the application of the Virial 
Theorem to Groups and Clusters of galaxies . 
(a) Internal Motions : Most spiral galaxies exhibit a plane of symmetry 
to which the mass distribution of their outer regions is closely 
confined . These galaxies therefore appear as approximately circularly 
symmetric disks or flattened ellipsoids of revolution . In studying 
their internal motions, it is usual to identify the orbital elements 
i 
ii 
with those describing the orientation of the plane of the galaxy 
relative to the observer , This overcomes the first problem of 
determining their masses . But the observations made with spec trographs 
are usually concerned with measurements of emission lines which are 
produced by excited gas , and not with the absorption lines intrinsic 
to stellar spectra . Similarly, the 21 cm observations with which the 
major part of this thesis is concerned, measure the velocities from 
neutral hydrogen gas . The resulting observations refer to that 
component in a galaxy which is most likely to be rotating in circular 
orbits , but the gas may also be supported in its orbit by gas pressure 
and perhaps by magnetic forces , The resulting mass estimates are 
lower limits, 
There is always some uncertainty as to whether the observations of 
internal motions have been continued far enough away from the nucleus 
to represent effectively the majority of the galaxy . Thus in 
determining the limiting mass predicted as W -oo from a Brandt 
function of index n, and turnover radius and velocity R_ and VM , 
-~ax ax 
the mass is given by 
M ( .2. ) 2 
n V 2 R __ Max -~ax 
G • • • • • • • • . ( 2) 
which only differs from the Keplerian estimate at the turnover radius 
,; n 
by the factor ( 2 ) . Most observed rotation curves are fitted 
adequately by some member of the family of Brandt functions, yet these 
functions predict that between 49}0 for n = 3 and 64% for n = 1 , 5 of 
the total mass given by equation 2 lies beyond ~ax · Very few of the 
many galaxies observed to date have rotation curves measured beyond a 
radius of 2~ . There is therefore a corresponding uncertainty in the 
I 
1, 
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mass estimates derived from internal motions . 
The usual masses obtained in this way lie in the range 2 - 20 x 1010M
0 
and the Mass - Luminosity ratios lie in the range from 3 - 20 . Many of 
these values may be underestimates by factors of 0(2) . 
(b) Double Galaxies : The estimation of the combined mass from the 
study of pairs of galaxies"is analogous to the problems involved in 
determining stellar masses from binary star systems . While the latter 
problem can be solved by observing the time varying parameters of the 
system such as the radial velocity and projected separation, thereby 
deriving the orbital parameters by fitting the time sequence of the 
8 data ; with double galaxy systems the long orbital periods ('X x 10 years) 
make this impossible . Page (1961 ) approached the problem by assuming 
the galaxies to be in circular orbits , and by presuming that the 
distribution of the orbital parameters seen by the observer is random . 
He obtained mean mass and mass- luminosity ratios for elliptical and 
spiral systems separately when the Hubble Constant is taken to be 
100 km/sec/Mpc as 
94 + 38 
( M )s=2 ,1 ±1 , 5x101~ 
0 
cl) =0 . 33 
L S 
The resulting mass estimates for spiral galaxies are in the general 
range of values obtained from the internal motions studies . Whilst 
the values obtained for the elliptical galaxies are probably the most 
reliable estimates so far available , the (M/L)S is smaller than that 
derived for most objects studied by internal motions (cf . Roberts, 1968b) . 
The chief problems with this study , are the smallness of the samples 
( 14 Spiral and Irregular systems , 13 Elliptical and Spheroidal systems) 
and the uncertainties concerning selection effects . An implicit 
assumption with this method is the stability of the double galaxy 
systems. 
(c) The Virial Theorem: While Page overcame to some degree, the 
uncertainties involved in the lack of specific knowledge of the 
orbital parameters by a statistical analysis of a number of double 
systems, the Virial Theorem requires the same assumptions of quasi-
stable equilibrium and randomness of the observed radial velocities and 
positions relative to the centre of gravity to hold within each associ-
ation studied . Then provided the galaxies can be treated as point 
masses , the time average of the kinetic (T) and potential (v) energies 
satisfy the relation 
2 <T > + < V > = 0 • 
It is generally found (cf . Limber, 1962) that the mean masses per 
galaxy in a group or cluster which satisfies this equation is an order 
of magnitude larger than the masses estimated from the study of the 
internal motions. Since this is found to be true for all the small 
groups without exception, it is unlikely that this result is due only 
to scanty information concerning the radial velocities . There are 
three options open to explain these results (i) masses from internal 
motions are badly in error (ii) clusters and groups are stabilized by 
iv 
as yet unrecognised matter (iii) or the groups and clusters have positive 
energy and are unstable . The first of these options is discussed in 
more detail in section 7.4 . It is unlikely, however, that when the 
rotation curves are observed over a sufficient radius, the resulting 
mass estimate is in error by more than a factor of two . Similarly if 
small groups are stabilized by the presence of large mass es of gas, the 
mean intergalactic mass density is comparable with that existing near 
I 
the fringes of the optical sizes of the member galaxies . For this 
expl anation to work , therefore , the mass must be condensed into as 
ye t unrecognised dense objects such as QSS or into many low luminosity 
stars . The final option is the one generally adopted , but it then 
offers no expl anati on f or the exi stence of small groups at the present 
epoch . Limber (1962 ) defines a characteristic time for the stability 
of c l uster s (see sec t i on 9 . 1) and finds this t o be quite generally 
;$ 1 x 109 years , t hus a l l owing suffic i ent time for the groups to have 
dispersed , The existence of groups at the present epoch therefore 
suggests that ei ther all the groups studied are very young or that 
non-Newtonian forces are acting between the members , causing the 
timescale for dissolution to be longer . 
V 
To resolve these questions it is necessary to have accurate estimates 
of the masses of the galaxies . They will also be required for any 
complete future theory of the origin and evolution of galaxies . At 
the present time , the principal mass component of the Universe is 
thought to reside in the visible galaxies , and their masses are therefore 
influential in determining the large scale mean mass density , a quantity 
required in the mathematical formulation of cosmological models . 
In this thesis , the velocity fields of NGC 45, 247, 253 and 5236 
are fitted with a rotation curve , after the basic observations have 
been approximately corrected f or the effects of beam smoothing • . The 
resul ting r otation curves usually extend to about twice the radius of 
the turnover point and well beyond the optical confines of each galaxy . 
The resul ting masses are therefore complete on average to - 80fo of 
the l i miting mass predicted by extrapo l ating the rotation curve to 
infinite radii . Three of the above galaxies are members of the Sculptor 
! 
i. 
Group of galaxies , two of which (NGC 55 and 300) have previously been 
studied at 21 cm . Wi th the masses and accurate systemic velocities 
of five of the seven probable members , there is more accurate data 
availabl e for this Group , than for any other beyond the Local Group . 
vi 
It is found that even when the kinetic and potential energies are 
cal culated from the observed radial velocity components and projected 
separations , the potential energy amounts to only 38fo of the kinetic energy . 
Since this calculation provides for a lower limit to T and an upper 
limit to V, it i s certain that the Sculptor Group is unstable . This 
conclusion was also reached by de Vaucouleurs (1959) on far more 
meagre data . 
• 
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CHAPTER ONE 
HI OBSERVING ANTI REDUCTION PROCEDURES 
1 .1 Introduction 
Four galaxies have been observed in detail at 21 cm by the author 
using the Parkes 210 ft telescope . These have limiting optical 
dimensi ons of the order of 20 1 by 15 1 while their neutral hydrogen sizes 
are at least twice as big . Over the greater part of each galaxy the 
0 
signal strength is less than 0.5 K, though peak temperatures of up to 
2°K are recorded near their nuclei . The 21 cm signal strength was 
measured at a regular network of positions across each galaxy . These 
positions are referred to as gridpoints . They are spaced at intervals 
of 6 1 as the half- power beam width is,.._, 14 1 • The plots of signal 
intensity against velocity constructed for each gridpoint are hereafter 
referred to as velocity profiles . In the rest of this chapter I 
describe the observing systems used and reduction procedures followed 
in constructing the sets of velocity profiles shown in figs 3 , 3: 1, 3 ,4: 1 , 
3 . 5: 1 and 3 . 6 : 1 for NGC 45 , 247, 253 and 5236 respectively . 
All the systematic observations of NGC 5236 were made with the 
single channe l receiver described in the next section. Table 1 . 1 : I is 
a log of these observations. Extra profiles of NGC 5236 and all the 
work on the other galaxies was done with the multichannel receiver 
described in section 1. 5 . These observations are listed in Table 1 . 1: II . 
1. 2 Single Channel Receiver 
The singl e channe l 21 cm receiver is a frequency switched two stage 
parametric amplifier, using an upconverter for the first stage and a 
degenerate fixed frequency amplifier for the second. In this way a 
TABLE 1.1:I 
Single Channel Observing Log 
Date* Velocities** Date * Velocities** 
4/ 6/63 0 1/12/63 0,-3 
9/ a/63 0 2/12/63 -3,-4 
10/ 9/63 +1 ~1 3/64 +4 
11/ a/63 +1 3/ 3/64 +4 
12( a/63 +2 4/ 3/64 +4 
13/ a/63 +2,+3 2/ 4/64 +4 
· 14/ a/63 +3 3/ 4/64 +4 ,+5 ,+6,+ 7 
15/ a/63 -1 4/ 4/64 0,-1 ;-2 
16/ a/63 -1,-2 / 5/ 4/64 -5,-4,+2,+3 
24/11/63 -1,0 6/ 4/64 +1 ,+4 ,+5-,+6 
25/11/63 -1,-2 6/ 7/64 . +4,+5,+6 
30/11/63 -2 
I 
** Observed velocities coded such that O corresponds with 491 km/sec, 
and each increment is equivalent to adding 30.4 km/sec. 
* Observations in August 1963 are only over small parts of the 
whole galaxy. Bulk of the observations made in November 1963 
and April 1964. 
TABLE 1.1:II 
Multichannel Observing Log 
Date Signal Crystal Frequency Reference Crystal Frequency (MHz) (MHz) 
NGC 45 
24-27/ e/66 38,513 38,456 
17 ,20/ 3/67 3s.515 38.457 
21,22/ 9/67 38. 521 38.456 
. 26/ 9/67 38,500 38.456 
NGC 247 
19/ 3/67 38,545 38,466 
23-24/ 9/67 · 38,572 38.520 
24-25/ 9/67 38.545 38 .466 
NGC 253 
'16-19/11 /66 38,560 38.500 
18/ 3/67 38.546 38,466 
19/ 3/67 38,466 38.546 
21-22/ 9/67 38.521 38.456 
27/ 9/67 38.549 38 .494 
NGC 5236 
16,1~/ 3/67 38,515 38.457 
21,23/ 9/67 38.521 38.456 
27/ 9/67 38,500 38.456 
2 
receiver noise temperature of 16o°K is obtained . Robinson (1963) has 
described the receiver in detail so it is only necessary to give a brief 
description of the observing system here . An upconverter is used as 
the first stage because of its wideband low-noise characteristics and 
its intrinsic stability. But the low gain of 1.3 requires the following 
stage to have a low noise figure and very high gain . This is supplied 
by a fixed frequency degenerate parametric amplifier, which because 
of its high gain has a bandpass of only 6 MHz . All tuning and frequency 
switching must therefore be done with the upconverter. 
Frequency tuning is obtained by adjusting the output frequency of 
a 6.8 MHz .Clapp oscillator before this is multiplied up to 980 MHz to 
form the upconverter pump frequency . Since the degenerate amplifier is 
only sensitive to the band centered on the fixed frequency 2400 MHz, 
pump and signal frequencies satisfy the relation f . + 
sig f pump 
2400 MHz from which it follows that any change in the pump frequency 
tunes the receiver to a different wavelength. By switching at 400 Hz 
between two adjustable Clapp oscillators, one of which generates the 
signal band and the other the reference band , the receiver is operated 
in a frequency switched mode. The output frequencies of the Clapp 
oscillators are readily tuned for any desired velocity offset from the 
21 cm hydrogen line rest frequency. With an upconverter bandwidth 
between 1 db points of 150 MHz, there is effectively no limitation 
imposed on the velocity range over which the receiver can be tuned, but 
smaller scale structure in the bandpass makes it advisable to keep the 
separation between signal and reference frequencies small . When this 
is 3 MHz, the imbalance at the output of the synchronous detectors is 
less than 1/2°K. Robinson has described the upconverter as both a 
I 
I 
tunable frequency comparison switch and a stable low- gain amplifier. 
To compensate for the low gain of the upconverter the degenerate 
parametric amplifier is adjusted for high gain at the cost of narrowing 
the bandpass to 6 MHz. Since degenerate paramps amplify both the 
signal frequency and its beat frequency with the pump, there is a 
folding of the spectrum about a frequency equal to half the pump-
frequency of 4800 MHz . This in combination with the 6 MHz bandpass 
restricts the receiver ' s output to a single channel. Signal and idler 
bandpasses are made to coincide by setting the central frequency of the 
bandpass filter equal to 2400 MHz . 
The rest of the receiver is of conventional design. A crystal 
mixer is pumped at 2370 MHz to produce a first intermediate frequency 
of 29.6 MHz. This is amplified and converted by a second mixer with a 
140 kHz bandwidth to 3,3 MHz, before being detected, amplified by a 
400 Hz amplifier, synchronously detected and then integrated . The 
output is fed to a pen recorder . As the amplifier ' s gain is extremely 
sensitive to small fluctuations of circuit loading and pumping power, 
it is necessary to ensure adequate isolation of the upconverter , 
degenerate parampand mixer from each other . A three port ferrite 
circulator provides 30 db of isolation for each of these stages, while 
a two port isolator in the mixer line reduces feedback from the mixer . 
Pumping power levels are stabilized with bias servos on the last stages 
of the multiplier chains to both the upconverter and the degenerate 
amplifier . These precautions enable long-term drifts in the receiver ' s 
output to be held to less than 0.1°K/hour, while shorter term drifts 
are still slow enough to allow 200 sec integration times to be used . 
All the local oscillator frequencies and the degenerate amplifier 
3 
i 
pump frequency are controlled by a common quartz crystal oscillator , 
as shown in the block di agram of the receiver (Fig 1 . 2: 1). The 
frequency of this osci l lator is checked at the beginning of each 
observi ng run with a Hewlett-Packard frequency counter , which is 
accurate to one part in 107 , This is also used for monitoring the 
frequencies of the Cl app oscillators , which tend to drift at a rate of 
6 
one part in 10 per hour . 
1 , 3 Single Channe l Observing 
4 
All single channel observations of NGC 5236 consist of declination 
scans . These were made in both directions along every track and have 
5 ' declination marks inserted by the recorder ' s pen . Figure 1 . 3: 1 
gives a sample of a scan with a 15 sec time constant (T ) on the 
receiver ' s output and a scan rate of 9' per minute . Using these 
observing parameters , the amplitude suppression due to scanning is less 
than 2'/o from Howard ' s (1961 ) graphs . The RC rise time of the smoothing 
capacitor introduces a 15 second time delay between the aerial position 
given by the declination markers and the chart record of a source . 
This is allowed for in reducing the observations . Both the telescope ' s 
I 
scanning rate and the chart speed are found to be constant to 0 . 1 • 
With a receiver noise temperature (TN ) of 160°K and an antenna 
temperature (T) < 2°K , the r . m. s . noise fluctuation from a 140 kHz 
a 
filter (B ) is 0 . 35°K from equation 1 . 3: 1 
t:, T ••••• 1 . 3: 1 
This is reduced to 0 . 15°K by smoothing the scans by eye . 
Whilcit observing , a check is kept on the performance of the 
stabilizing servos and on the frequencies of the Clapp oscillators . 
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The total power is recorded with the signal as a direct check on the 
receiver ' s performance and freedom from interference . Once in every 
scan the detector current is read and used to give a correction to the 
gain calibration taken from a modulated noise lamp . This is used to 
feed a flat noise spectrum into the front end of the receiver . When 
modulated at 400 Hz in phase with the frequency switching it looks like 
an HI signal to the receiver . The lamp is only used at the beginning 
and end of an observing period as the receiver ' s long term gain is 
stable and free of zenith angle effects to 0 . 1°K , 
Calibration of MNL Once in every run the modulated noise lamp 
(MNL) is compared with the continuum source 3C 353 . On each occasion 
5 
3C 353 is scanned in right ascension and declination to get the position 
of the peak deflection . + A value of 57 -3 f .u. was used for the flux 
of 3C 353 , this vaiue being based on the absolute flux measured by 
Findlay et al ., (1965) for Cassiopeia A and the ratio between this and 
3C 353 measured by Goldstein (1962) and by Heeschen and Meredith (1961) . 
The lamp shows a variation of the ratio Temp 3C 353/Temp MNL of less 
than ryfo between runs . 
Beam Parameters 3c 353 was used to determine the aerial response 
of the main beam , which is effectively circularly symmetric and is 
well represented by 
f(e) K, exp- - (-e ) 2 
11.5 
where e is the angular distance from the beam axis in minutes of arc . 
I 
The half- power beam width is 13 . 5 and the effective solid angle of the 
beam is 207 square minutes . All near side lobes are 20 db down on the 
response of the main beam and cause no confusion . The beam efficiency 
I 
' 
6 
(defined in equation 2.3:5) is 0 . 58 , 
1 .4 Construction of Velocity Profiles 
To facilitate a comparison with the observations made with the 
multichannel receiver the scans are processed to produce a set of 
velocity profiles. This requires (a) A separation of the signal due 
to the source from the background radiation with a baseline , and 
(b) The low frequency noise passing the output capacitor to be smoothed 
by hand. When making the observations the declination scans are 
continued beyond the confines of the galaxy to enable a baseline to be 
determined. This is always approximated with a straight line. In the 
10 minutes required to complete a scan slow fluctuations can make the 
position and shape of the baseline uncertain. As the errors incurred 
in drawing baselines can increase or decrease the signal observed, 
their effect is reduced by averaging the forward and reverse scans and 
by duplicating scans wherever possible. A weak correlation can be 
expected between adjacent velocity profiles constructed from the same 
set of scans. This does not appear to have affected their 
interpretation, as all important features are verified by velocity 
profiles taken with the 48-channel receiver. 
Some care is needed in drawing the smoothing curves that reduce 
the effect of the longer period noise fluctuations. These curves are 
drawn to balance both positive and negative excursions from the mean, 
and to remove sudden changes of profile shape whenever these occur 
I 
within distances < 5 • A partial check on the method is to compare 
the areas under the original and the smoothed scan. These agree to 
better tPan 5% wherever the peak temperature is greater than 1/2°K . 
As this agreement is better than that found between consecutive 
i I 
I 
forward and reverse scans , it is unlikely that any important error is 
introduced by this procedure . Once the positions of the gridpoints 
along a scan are marked, it is simple to read off the signal 
strength at each gridpoint . This measure is scaled with the scan's 
gain calibration , averaged with all other measures made on the same 
day at the same velocity and position , and plotted on the appropriate 
velocity profile . All measures taken from the scans are given equal 
weight , but the averages coming from two, three and four measures are 
plotted with different symbols . 
Figure 1 . 4:1 shows a typical velocity profile having a peak 
temperature exceeding 1°K . Its velocity scale is calculated from the 
measured signal frequency and corrected to the local standard of rest 
not to the sun . The resulting scale is accurate to 1/2 km/sec though 
peak velocities (the velocity at which the signal strength of a 
ve locity profile is a maximum) cannot be determined to better than 
7 
10 km/sec . All points plotted in fig 1 .4: 1 are grouped into 12 adjacent 
ve l ocity settings, the interval between these being determined by the 
30 km/sec bandwidth of the output filter . As 701/o of the declination 
scans were reobserved at different times, there are usually two or 
more points at velocity settings near the profile peaks . These often 
have to be reconciled to some extent in drawing a mean profile . 
Initial estimates of the size and velocity of the peak have a 
considerable bearing on the way in which the rest of the curve is 
drawn . Due weight was given to points which are averages of 2,3 or 4 
measures . In all further reductions involving the velocity profiles , 
the mean curve is regarded as the actual profile . 
A direct comparison between the observations and a curve computed 
I 
I 
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8 
from some model galaxy would test the shapes of the mean profiles, 
though the number of variables involved cause the model curves to be 
almost as arbitrary as the mean curve . The only alternative is to look 
at the degree of self- consistency exhibited by the whole set of profiles . 
There are three partial checks . 
(1 ) The peak velocity of each profile is plotted over the galaxy and 
contoured; a few velocities are then at variance with rest . If the 
mean curves could not be redrawn easily, the profile was reobserved 
with the multichannel receiver . This always corroborated my previous 
expectations, and showed the peak velocities to be self-consistent 
to ~ 10 km/sec. 
( 2 ) The area under every profile is plotted against declination for a 
given right ascension ; the resulting curves vary smoothly from the 
central peak outwards . Three measures deviated from the general rule 
by up to ':f/o of the peak intensity . Thus the derived HI distribution 
is relatively independent of error in the mean profiles . 
(3) In figure 2 . 4 :1 the signal intensity has been contoured for a 
velocity - major axis section through the galaxy. Such diagrams are 
equivalent to contouring the intensity of a single spectral line with 
the slit parallel to and overlying the whole length of the major axis . 
To draw the diagram , the intensities must be read from every portion 
of the mean major axis profiles . The smooth variation of all the 
contours in the figure exhibit a high degree of self-consistency . 
1 .5 The 48 Channel Receiver 
The version of the multichannel receiver previously used for 
observing the Magellanic Clouds was described by McGee and Murray (1963) . 
It used a crystal mixer for the first stage and a conventional receiver 
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to back it up . It did not have sufficient sensitivity to look at 
galaxies outside the local Group . In August 1966 M.W,Sinclair installed 
a new quasi-degenerate parametric amplifier (paramp) in front of the 
existing crystal mixer . Initially the resulting receiver has a noise 
temperature of 800°K, but this was improved in September 1967 to a 
0 
value of 350 K. Using equation 1 , 3: 1 the noise fluctuation of the 
37 kHz filters with eight minutes of integration is 0.26°K . If adjacent 
0 filter outputs are averaged, this can be reduced to 0 . 15 K. 
Figure 1 , 5: 1 shows the schematic layout of the receiver used for 
these observations . A circular feed horn at the focus of the 210 ft 
telescope is used to feed the paramp via the first port of a four port 
circulator. With the mixer connected to the third port the paramp is 
effectively isolated from all the following stages by 40 db. It is 
pumped at 2851 MHz with a klystron which is phase-locked to a quartz 
crystal oscillator by a Hewlett - Packard synchroniser . The pump power 
is servo-controlled to a constant level , By using 2851 MHz to pump the 
paramp, the frequency about which the spectrum is folded (1426 MHz ) is 
given a 5 MHz offset from the 21 cm rest frequency . This is equivalent 
to a blueshfft of 1000 km/sec , The idler frequencies are then 
blueshifted to more remote velocities , where they are not expected to 
encounter any line radiation . 
In this receiver the frequency switching is done at 385 Hz on the 
1388 MHz first loc~l oscillator frequency of the crystal mixer . Both 
signal and reference frequencies originate from 38 . 5 MHz crystal- driven 
oscillator units . As these are temperature controlled they are capable 
of a stability of one part in 107 for extended periods . It is the 
outputs of the buffer amplifiers following each oscillator that are 
-C • Pa ramp. ~ 2851 MHz Crysta I 1 st f re . Klystron M ix er I. F. Amp. 1 0~~-MHz -J, (\ Wideband ~ ~ I 1st L.Opum~ ,17 .. ' Filter 
j~ 
+ t 
A . 
Noise Resistive Resistive 2nd 
Generator Termination Termination Multi p- Mixer 
Ii e r 
, 385Hz 2nd I. F. 
~17 
,:!> 
Electronic Amp. A 6•74 MHz Switch ~ 
v l. i~77 MHz 2nd T 
5 0 Outputs L. 0. Doub I er L.O. 
11111 1111 t I 38·5 MHz ..1. r,i. 
'17 
37 KHz. Filter 37 KHz Filter 3 8·5 MHz 38·5 MHz Amp. .... -
2nd Det. 2nd Det. A n:1 p. Amp. 
/ltt enua t ed Attenuated + 
"~ 385 Amp. 385 Amp Ref. Sig_nal 
Sync. Det. Sync. Det. Crystal Crystal 
·Time Const Time Const 
Uni-selector ~ 
Dig i ta I Punch 
-- - -- . - - --------------- ----1 
Fig 1.5:1 Block diagram of 48 channel receiver. 
switched, so that all the multiplying stages from 38 . 5 to 1388 MHz are 
shared by both frequencies. Servos are still needed to maintain the 
average mixer current during the two halves of the switching cycle at 
the same level, and to maintain the total mixer current at a constant 
level. When all the servos are working the baseline formed by the 
48 channels is fairly stable and free of zenith angle effects . This 
was only the case for the September 1967 run . 
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The 31 .8 MHz intermediate frequency (I.F.) generated by the crystal 
mixer is amplified before being mixed with an additional 38,5 MHz 
output of the signal oscillator to produce a 2nd I .F . of 6 , 74 MHz . 
This is fed to a bank of 48 doubletuned LC filters . These have been 
accurately tuned at intervals of 33 . 2 kHz across the 2nd I.F . All the 
filt ers have a 3 db bandwidth of 37 kHz . Careful checking over a 
number of years has shown a typical filter error of only ±, 5 kHz 
( = . 1 km/sec) . After amplification, detection and synchronous detection 
the output of each filter is passed to a two stage RC integrator, whose 
voltage l evel is read out at two minute intervals to be fed to a 
pen-recorder and a papertape punch. Ful1 details of the digital 
recording have been given by Hindman et al., (1963), A second punch 
was used to record the position and time whenever the telescope's 
position was changed , 
The receiver is tuned to a different wavelength by changing the 
crystals driving the signal and reference oscillators. These have 
to be chosen with care as the shape of the paramp bandpass causes an 
imbalance between the signal and reference cycles . This in turn gives 
rise to a slope in the baseline and a d.c. offset of all the channels 
from the level set by the pen-recorder . These effects are usually 
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minimised with a 2 . 5 MHz difference between the signal and reference 
frequencies . The closest edges of the two observed bands are then 
separated by 100 km/sec and the band centres are separated by 440 km/sec . 
The d . c . offset is -2°K . No trouble is to be expected from the first 
local oscillator images at 1356 and 1496 MHz as these are subject to 
10 db of attenuation by the paramp passband . 
3C 353 was used for calibrating this observing system, which has 
1 
a half power beam width of 14 .5 , an effective solid angle of 238 sq mins 
and a beam efficiency of Q. 8 . 
1 . 6 Multichannel Observing ·and' Reduction 
As the majority of the signals being detected are of the order of 
. 5°K the method of observing adopted with the multichannel receiver has 
been to integrate at a single position in the galaxy for e ight minutes . 
Four minutes are allowed to elapse unrecorded after every change of 
telescope position to let the output time constants lose their ' memory ' 
of the previous position . Velocity profiles are generated in reaucing 
the data, by subtracting the signal profiles observed at a reference 
position outside the galaxy from the signal profiles of the source 
itself . This would only require an occasional reference position to be 
observed if the baseline were stable to -±o .2°K . But experience has 
shown that reasonable results are only obtained if the source profiles 
can be compared with reference profiles taken at closely comparable 
times and zenith angles . It has been the uniform practice in all runs 
after August 1966 to observe a reference position after every two grid-
points . Even so the basel ine is still subject to abrupt intensity 
changes of up to ±o .5°K over 10 - 20 channels that appear to be 
correlated with the times at which the telescope is moved . These are 
usually recognised by comparing the signal profiles separately with 
each of the adjacent sets of reference profiles . Some of the velocity 
profiles presented in figs (3 .4: 1) and (3. 5: 1) show signs of these 
perturbations . 
A record of the total power was also taken with most of the 
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observations , as it gave a direct warning of any equipment malfunction 
or of any electrical interference . In setting the receiver up at the 
beginning of every run, the pump frequency of the klystron was measured 
to check that it had not drifted significantly . 
Reference Regions These were usually taken 12 minutes of right 
ascension East or West of the last observed gridpoint . No HI outside 
the velocity range O - +50 km/sec was ever encountered at these 
positions . 
Signal and Reference Frequencies In frequency switching the 
receiver is made sensitive to both a signal and a reference range of 
velocities . These are 340 km/sec wide and their closest edges are 
separated from one another by ,..,_, 100 km/sec when the frequency 
difference is - 2 . 5 MHz . The signal frequency is chosen to centre the 
expected signal in the signal band as this simplifies the reductions 
by allowing the baseline to be determined unambiguously from the 
channels near the start and finish of the profile . Special care is 
needed with galaxies having a wide range of velocities , since a signal 
frequency must be selected for each side of the minor axis . It is 
usu.ally possible to avoid a signal in the reference band by placing 
this band on the high velocity side of the galaxy , where it will miss 
the ~ource ' s signal and is well outside the range of galactic velocities . 
For a galaxy like NGC 253 with HI at velocities from Oto +500 km/sec , 
the reference band may be sensitive to HI from the opposite end to that 
be ing observed . This situation occurred in observing the low velocity 
side of NGC 253 . Several profiles close to the minor axis with peak 
velocities near 100 km/sec show an apparent 1absorption 1 line at 
- 100 km/sec . This is due to the observation by the reference band 
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of HI at velocities around 400 km/sec. Observations made with different 
crystals show no HI at negative velocities in this part of the sky . 
Gain Calibration An argon noise lamp mounted at the focus feeds 
a flat noise spectrum via a probe into the circular horn. When the 
lamp is modulated at 385 Hz in phase with the switching frequency, the 
noise looks like line radiation to the receiver and is seen equally in 
all channels . The response of every channel to a common signal is 
used to calibrate the individual channel gains . Whilst the receiver ' s 
adjustment is left unaltered , a gain calibration every 5 or 6 hours 
is sufficient . 
Frequency Measurement The crystal oscillator frequencies were 
measured every hour with a Hewlett - Packard valve counter . This was 
calibrated in September 1967 against a solid state counter which had 
been standardized by the National Standards Laboratory in Sydney . Small 
corrections were necessary to the frequencies measured in this run , but 
the peak velocities so determined show no systematic difference from 
those previously measured . The velocity scale is thought to be accurate 
to 0 . 5 km/sec , as the velocity of the first channel in km/sec is 
calculated from the measured frequencies in kHz entered in Table 1 . 1 : II 
using the formula 
where f ff t = 5 . 94 MHz and usually f 2 d 1 0 = f . • o se n • . sig 
Reductions After being checked for punching flaws the data tapes 
are read onto magnetic tape . A few profiles taken at random from each 
run were checked against the chart record of the same profile . They 
all matched perfectly . Before further processing the profile data is 
correlated with the telescope position and time and the velocity 
calculated for the first channel from the measured signal frequency is 
corrected to the l ocal standard of rest . The task of applying the 
channel gain cal ibrations and calculating and plotting the velocity 
profiles is handled by a C.D.C, 3200 computer using standard C.S . I .R. O. 
programmes. 
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Each signal profile is compared with the reference profile 
immediately preceding and succeeding it in time . The most r epresentative 
of these are plotted in figs 3 , 3: 1 , 3 ,4: 1 and 3 , 5:1 for the galaxies 
NGC 45 , 247 and 253 . These sets of profiles are used to derive the HI 
mass and its distribution in Ohapter Two . A di scussion of the velocity 
fi eld derived from the peak velocities is given in Chapter ~hree . 
CHAPTER TWO 
THE DISTRIBUTION AND MASS OF NEUTRAL HYDROGEN 
Introduction 
Most surveys of the HI distribution in our Galaxy have sought to 
interpret the observations in terms of spiral structure . If this kind 
of approach has a realisti c base the HI arms may extend into regions 
well beyond those delineated by OB stars and HII regions . Observations 
of other galaxies are not readily interpreted in terms of spiral 
structure, though this may largely be due to the effects of beam 
smoothing . It is quite likely that different types of galaxy have 
different kinds of HI distribution. Thus in the Magellanic Clouds much 
of the HI is associated with large HI complexes which are distributed 
at random over the surface of each galaxy . Each complex , consisting of 
many HI clouds is embedded in a more general distribution of HI which 
in the case of the LMC has a hole in it surrounding the optical bar . 
Observatjons of all other galaxies suffer in varying degrees from 
a lack of resolving power . In the 1950' s the Dutch astronomers studied 
0 the neutral hydrogen distribution in M31 with a 1 beam and attempted 
to correct their observations for the effect of beam smoothing . This 
eventual model had a peak number density at the centre (Van de Hulst , et 
al , 1957) though more modern observations with greater resolution show 
that the HI in M31 has a minimum at the centre . The HI appears to be 
distributed in an annulus or ' ring ' with the nucleus at the centre and 
the peak signal at a radius of 10 kpc . For these observations by Burke 
et al (1963 , 1964), Gottesman et al (1966) and by Roberts (1966) the ratio 
of the optical diameter to the H.P . B. W. (~) ,.... 20 . M33 also has a ring 
structure though the observations of Gordon (1967 ) only show a 10 % dip 
in the HI nwnber density at the centre . 
As~"' 1 - 2 for the galaxies involved in this study , there is no 
likelihood of observing a central minimwn in the HI distribution . No 
correction is made to the data for the effects of beam smoothing . The 
overall distribution of antenna temperature is given in Section 2 . 1 
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and the mean radial variation is fitted with a gaussian in Section 2 . 2 . 
Section 2 .3 is concerned with evaluating the HI mass and in deriving 
corrections for the ef fects of finite opacity and a possible variation 
of spin temperature with radius . Finally in Section 2 . 4 a search is 
made for any trace of an HI ring using the greater effective resolution 
available when T ( e,~,v ) is considered as a function of frequency . 
a 
2 . 1 The Integrated Antenna Temperature 
The simplest way of describing the HI distribution is to isolate 
it from the velocity field prevailing in each galaxy. This is readily 
done in practice by measuring the area under the velocity profiles 
shown in figs 3 . 3:1 , 3 . 4 : 1, 3 . 5:1 and 3 . 6:1 , which is analogous to 
integrating the antenna temperature T ( e,~,v) over frequency to define 
a 
an integrated antenna temperature TA at each observed point according to 
I 
V 
T (e ,~,v) dv 
a 
Individual values of TA measured at a gridpoint are sensitive to both 
noise and baseline fluctuations and to errors in drawing the baseline . 
An estimated standard error of± 201/o is adopted in drawing the contour 
maps of NGC 45 , 247 , 253 and 5236 given in fig 2 . 1 : 1a- d . As the contours 
are drawn using the whole set of TA values across the galaxy, a value 
of TA read off at any position from these maps is accurate to"' 5 to 101/o 
Fig 2.1:1a Integrated antenna temperature contours of NGC 45. 
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of the peak intensity . One check on the overall accuracy of these maps 
was given by three separate contour maps prepared for NGC 5236 from 
progressively greater amounts of data . Though the shape and position 
of the innermost contours changed a little from map to map , the mean 
radial variation of TA , the extrapolated HI mass and the position angle 
of the major axis of the HI distribution remained almost unaltered . 
In figures 2 .1:1a-d the nucleus is marked by a circle (o ) and the 
HI centroid by (e ) . Table 2~: I lists the differences between these 
1 
positions . The average deviat ion of 2 along the major axis is too 
great to be accounted for by setting errors . There is thus a considerable 
degree of asymmetry in the HI distribution about the nucleus . Similar 
asymmetries are observed in most of the galaxies studied with sufficient 
resolution . Large deviations of the HI centroid from the nucleus are 
seen in both spiral galaxies such as M31, NGC 300 and the galaxies 
listed in Table 2 . 1: I and ir- irregular galaxies such as the Magellanic 
1 1 1 
Clouds, NGC 55 (2 . 5) , NGC 4631 (2 .5 ) and NGC 4656 (3 ) . Since only 
5 - 1c% of the total mass of a galaxy is in the form of observable HI , 
an 
in 
asymmetry in its distribution does not imply a parallel asymmetry 
the distribution of the total mass . 
TABLE 2 . 1: I 
Galaxy HI Centroid % Asymmetry* 
b.a b. b 
1 
45 2 . 30 
1 
' 247 2 .8 S 27 
1 
253 2 . O SW 39 
1 1 
5236 4 .1 s 0 . 3 w 47 
* In the sense that if the weaker end has x % of the total, 
then a 100 % of the total= 2x + 6 • Therefore the 
% asymmetry listed here is 100 6/x . 
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2.2 Radial Distribution of HI 
Figures 2 .1:1a-d all show an apparently smooth decrease of integrated 
antenna temperature TA with radius from the central hot spot . While 
this is in part due to the smoothing of the underlying HI distribution 
by the beam, much of the observed decrease is real . Perhaps the 
simplest method of describing the mean radial variation seen in these 
figures is to plot TA against an effective radius defined by 
r* = / ( A(TA ) /n ) where A(TA ) is the area within the contour level TA . 
The data for NGC 45, 247, 25 3 and 5236 is plotted in fig 2 . 2: 1 together 
with the least square gaussian fitted to each set of data . For ease of 
comparison, the intensities are normalized at r* = 0 and the radii 
are expressed in kpc . The fitted gaussian represents the data easily 
over all radii ~ 1 kpc . Only the last one or two points from the 
outermost contour are poorly fitted, and in these cases the fitted 
curve may underestimate the signal by up to 3afo . Fi gure 2 . 2: 2 shows 
the gaussians fitted to the galaxies studied with the 210 ft telescope . 
As they are all at comparable distances and have similar optical sizes , 
the effects of beam smoothing are equally severe in each case . 
NGC 5236 obviously has a much more extended HI distribution than any 
of the other galaxies, and the signal is relatively lower at its centre . 
The similarity of scale size among most of the other objects is in part 
due to their large values of i . 
Following the method outlined in Section 6.4 the fitted dispersion 
a* is approximately corrected for the effects of beam smoothing by 
using the equation a = I (a 2 - a 2 ) corr . * beam · This is sufficient to 
enable the values of a obtained with different observing systems 
corr . 
to be compared directly with one another . If the HI is spread in a 
1 300 
2 3109 
3 253 
' 
55 
5 2'7 
6 '5 
7 55 
8 300 
9 5236 
10 20 30 ,o 
R(k~) 
Fig 2 . 2:2 Comparison of radial distributions 
of HI in galaxies studied at Parkes. 
Dotted curves are fits to convolved 
optical isophotes. 
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Comparison of fitted 
gaussian with · data. 
circularly symmetric disk with a constant T it follows from the 
s 
definition of r* that a corr . 
inclination by the relation a r 
is adjusted for the effect of the 
a ./ cos i. 
corr . 
a is then the 
r 
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dispersion or characteristic radius of the HI distribution in the plane 
of the galaxy . "This is described by the gaussian 
N 
0 exp [~:
2 
zj 
r 
where NH(r ) is the number of HI atoms per square centimeter . Use is 
made of this relation and the tabulated values of a in Chapter Four . r 
Both a and a are given in Table 2 . 2:I for all galaxies with 
corr . r 
published contour maps . In the case of M31 the gaussian which is only 
fitted to the outer continuous contours is rather artificial as the HI 
distribution is known to be ring-shaped. 
The gaussians fitted to the optical isophotes of NGC 55 and 
I 
NGC 300 after these had been convolved with a 13 . 5 beam are plotted 
as dotted curves in fig 2 . ~: 2. They show a more rapid decrease of 
signal intensi ty with radius than the equivalent HI curves . 
Quantitatively this is seen in the ratio a*(optical)/a*(HI ) of 0 . 83 
and 0. 46 for NGC 55 and 300 respectively . As optical isophotes are 
not available for many of the galaxies studied at 21 cm, a more general 
comparison of the optical and HI sizes is given by the ratios 
2a /D and 2a/D in which Dis the optical diameter of the major 
corr . 
axis . These ratios are entered in Table 2 . 2:I using the value of D 
listed in column 12 of the B.G .C. , since these values are already on a 
consistent system and have been adjusted for the effects of inclination . 
Both of these ratios show that the HI distribution is at least twice 
as extensive as the optical image of a galaxy . 
TABLE 2.2: I 
2a 2a . 0 
Galaxy a a corr r l corr r -D D 
, I 
45 5.2 6.9 1.41 1 .86 55 
t t 
55 6.4 (21 .7) 0.88 2.99 (85) 
I 
224 23 .6 51. 9 o.4 7 1. 04 78 
t t 
247 4 .5 7.4 0. 65 1. 07 68 
I , 
253 3. 7 6.8 0. 52 0.96 73 
, , 
300 7. 6 9.5 0.87 1. 09 50 
I , 
925 3.2 7. 7 0.94 2. 26 80 
, 
(22 . 3) (5 .87 ) (85) 3109 6. 6 1. 74 
, , 
4631 4. 2 14. 1 1 • 14 3.81 85 
, 
4656 4. 1 1.41 
I I 
5236 12.0 13 . 2 2 .40 2.64 35 
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2 . 3 Mass of HI 
Provided the optical depth ( T ) is small the number of neutral 
hydrogen atoms NH 
2 in a 1 cm column along the line of sight can be 
found without knowing the spin temperature using the well- known formula 
CD 
3 . 87 x 1014J Tb(\) ) d\i 
0 
•••••••••• (2 . 3: 1 ) 
where Tb ( \! ) is the brightness temperature of this element of the 
source at the frequency \!(Hz) . By summing over the whole projected 
image of the galaxy, the total number of HI atoms is 
••••.•..•• (2 . 3: 2) 
where e,cp are angular coordinates . Since Tb is not directly observed , 
it is necessary to express equation ( 2. 3: 2) in terms of the antenna 
temperature (T ). This is the quantity measured by the receiver , being 
a 
simply the average brightness temperature seen by the beam weighted 
with the aerial response . If the effective area presented by the 
antenna at an angl e ( s ,~ ) to the principal axis of the beam is A( s,~) 
then T ( e, cp ) is 
a 
T (9,cp ) 
a 
••••••••••• ( 2 . 3: 3) 
When the antenna temperature is integrated over the whole region (c ) of 
convolution of the galaxy with the beam , it can be shown that 
I T (9 , cp ) d9dcp 
C a 
= l
2
fI Tb(e ,cp ) d9dcp II A(s,~)ds d~ 
i galaxy beam •••••• ( 2•3:4) 
This is simplified by defining a beam efficiency ( x ) following 
Seeger et al (1956 ) such that 
X 
1 
"-2 
II A Cs ,~ ) ds d~ 
beam 
•••••••••••• (2 . 3: 5) 
We get a suitable expression for the integrated brightness temperature 
by substituting (2 . 3: 4) and (2 . 3:5) into equation (2 . 3: 2). Then:-
-
1 ('If 3 . 87 X j Ta (e,~,v ) d9d.cpdv ••• • •. ( 2 . 3:6) 
C 
The HI mass is given by equation (2 . 3:7) after the conversion of the 
lefthand side from angular to linear coordinates 
= 3 . 1on2 x-1 III Ta (e,~,v) d9d~dv •••.•• (2 . 3: 7) 
C 
where Dis the distance to the object expressed in kpc . 
Equation ( 2 . 3:7 ) is evaluated in three stages 
(1 ) By integrating each velocity profile over frequency to obtain the 
integrated antenna t emperature TA. (2 ) By contouring TA over the plane 
of the sky and measuri ng the area inside each contour A(TA). 
(3) Combines the two separate integrations over frequency and space by 
measuring the area under the plot of TA versus A(TA). This determines 
the HI mass within the outermost contour . It is extrapolated to 
infinity using the radial distribution determined in section 2 . 2 
according to: -
where r* is the effective radius of the outermost contour . The 
derived HI mass i s increased by -ry/o . Both extrapolated and 
unextrapolated masses are listed in Table 2 . 3:I . 
A useful check on these masses is provided by a comparison between 
the 210 ft observations at Parkes and the 60 ft Harvard observations 
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TABLE 2. 3: I 
Galaxy Unextrapolated Extrapolated T % * D NGC 
~I x 109~ ~Ix 109M0 
Max Difference (Mpc ) 
45 0 . 76 0 .82 '""' . 09 4. 5 3 
247 1.4 1.47 '"'-' . 19 9 .8 3 
253 1 , 0 1.04 '"'-' . 19 9.8 3 
5236 13 .4 13 . 9 - . 10 5 . 0 5 
- T 
* using c = TM /( 1 Max) - e ax 
TABLE 2 . 3: II 
Galaxy D 210 ft Observations 60 ft Obse~tions % Reference NGC (Mpc ) 
~I x 109~ 
~I x 10 0 
55 3 5. 95 5 , 35 +10 2, a 
247 3 1.47 1 • 13 +23 1 ,a 
253 3 1 . 04 2 . 50 
-141 1 , b 
300 3 5 . 00 4. 24 +15 3, a 
3109 2 . 2 1. 71 1.44 +15 4,a 
5236 5 13 . 9 9 .44 +32 1 , a 
(mean)* +19 
* excluding NGC 253 
1 Table 2 . 3: 1 2 Robinson et al (1966 ) 
al (1 967 ) , (1966) 3 Shobbrook et 4 Van Damme 
a Epstein ( 1964) b Roberts (1968b) 
C Rogstad et al (1967) 
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of Epstein (1964) and Roberts (1968b) . These masses are listed in 
Table 2 . 3:II . They all show , with the exception of NGC 253, that the 
210 ft observations give an average hydrogen mass which is 19% larger 
than that derived from the 60 ft observations . The difference in the 
results for NGC 253 is difficult to understand . It is seen in the next 
chapters that the model studies of NGC 253 with gaussian and ring HI 
distributions cannot reproduce the central profiles actually observed . 
These studies suggest that the central profiles are very broad and 
rather flat-topped. It is difficult to observe these accurately with 
a multichannel receiver, as the baseline is not well defined . A study 
of the actual profiles with this viewpoint in mind gives no indication 
of the HI mass being underestimated in this way by more than 3afo . I 
adopt the mean of the two measures in all further work . The overall 
comparison of HI masses made here suggests that this parameter is 
relatively well determined provided we assume T < 1 and an 
independence of the line-=adiation from the continuum . 
Comparison of HI Masses Most estimates of the HI masses of Sand 
Irr galaxies fall in the range 0 . 5 to 8.0 x 109 ~, with values of 
~ 2 x 109 ~ occurring fairly often . This does suggest the possibility 
in the future of using the observed 21 cm flux level as a distance 
parameter as it is directly proportional to the HI mass and the distance 
squared. For the Sculptor Group galaxies the variance associated with 
this method can be reduced by determining the mean HI mass of a cluster 
galaxy . 
As a general check on the idea, the list of HI masses and distances 
compiled from the literature by Roberts (1968b) is plotted in fig 2 . 3: 1 . 
This diagram shows some selection effects . Nearby low surface 
23 
brightness galaxies like NGC 6822 are included, while at the greater 
distances only the brighter Sand Irr galaxies have been observed . For 
ordinary spiral galaxies the list is fairly complete to distances of 
5 Mpc . The HI masses in Table 2 . 3: II are plotted in this figure 
as these values are consistent with observations of the M81 Group . 
They may not be properly consistent with the distance scale adopted for 
the rest of the galaxies, as this is partly determined for some clusters 
from Sersic 1 s (1960 ) HII region calibration, before the recent revision 
of the distance to NGC 2403 made by Tarnmann and Sandage (1968) . 
While a general usage of the hydrogen mass as a distance indicator 
would be foolish in the light of the selection effects seen in fig 
2 . 3:1, this diagram does suggest that a comparison of the HI mass of 
cluster galaxies at similar distances from us is a reasonable check on 
the distances used . Sufficient data is available for the Sculptor , 
M81, M101 , Ca Vn I Group and NGC 3184 Group to determine the mean HI 
mass of a cluster galaxy . The data and distances are tabulated in 
2 . 3:III, and an overall mean cluster HI mass of 2 ,7 x 109 ~ is 
determined when clusters are given a weight of 1 for each galaxy used , 
and NGC 3184 Group is given 1/2 weight overall because of its greater 
distance and small numbers . The M101 Group is also given an overall 
weight of 1/5 because of the uncharacteristically large HI mass of 
NGC 5457. At a distance of 3 Mpc, the mean HI mass for the Sculptor 
Group is 2 . 6 x 109 ~ in good agreement with the overall mean mass . 
If a distance of 2 .4 Mpc is used , the Sculptor mean mass is only 
1 .7 x 109 ~, which is distinctly lower than that determined for every 
other group . 
A comparison between M81 Group and the Sculptor Group is useful 
Fig 2. 3: 1 Plot of hydrogen mass ('r << 1) against 
presumed distance. 
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TABLE 2. 3: III 
Cluster HI Masses 
Gal axy l\Ix109~ D(Mpc) Type 
M81 Grou:e 
N2403 4 . 9 3 . 3 Sc+ 
N3034 1. 7 II Irr p 
N3031 2. 3 II Sb-
Holl 1. 9 II dSc 
2574* 1.4 II Sm 
mean ~I 2 .44x109~ 
Ganus Vannaticus I Cloud 
4449 3 . 2 3 .8 IrrI 
4214 1. 3 II IrrI 
4244 2 . 2 II Scd 
4631 4. 0 4 SBd 
4656 1..4 4 SBdp 
me/3,n ~ 2 .42x1o9~ 
M101 Grou:e 
5457 18 . 6 4 . 6 Sc 
5194 1 • 1 II Sc 
5585 0 .82 II Sd 
mean ~I 6. 8x109~ 
NGC 3184 Grou:e 
3198 6 . 4 9 . 6 SBc 
3432 2 .8 9 . 6 SBm 
3319 2. 0 9 . 2 SBcd 
mean ~I 3. 7x109~ 
Scul:e t or Grolll:e 
45 . 82 3 . 0 
55 6 . o II Sc+ 
247 1. 5 II Sc+ 
253 1 • 8 II Sc-
300 5 . 0 II Sc+ 
7793 . 51 II dSc 
mean ~I 2 . 6x109~ 
as they are at almost the same distance , cover the same range of 
luminosities and galaxy types and have similarly sized HII regions 
24 
(see Section 6 . 2) . In this case the Scuptor mean HI mass of 2. 6 x 109Mo 
is slightly greater than the 2 .44 x 109 M0 of the M81 Group . 
Inclination Effects The variation of the observed HI mass with 
inclination is tested here by evaluating the mean hydrogen mass in four 
ranges of inclination. Roberts (1968b ) has compiled a list of 86 HI 
masses from his own results and the literature . These are augmented by 
3 HI masses measured by Rogstadt (1965 ; x 1 . 37 to put on the same 
scale) , and by the results of Table 2 . 3:I . Using the ratio of the 
minor to the major axes (b/a) computed from column 11 of the B.G.C. as 
an inclination indicator , the HI masses averaged over intervals of 0 . 1 
in (b/a) suffer from the smallness of the samples and show no definite 
trend . When averaged over intervals of 0 . 2 , the results in Table 2 . 3: IV 
show a decided trend towards smaller HI masses at larger inclinations . 
TABLE 2 . 3: IV 
b 
a • 1 - . 3 . 3 - . 5 . 5 - . 7 . 7 - 1 .o 
n 13 16 26 25 
~Ix 1 o
9 
2 .4 2 . 8 3. 5 3 . 8 
M 
0 
An effect of this kind is expected as there is an increase in the 
pathlength through the disk (a sec i) as the inclination increases . A 
rough estimate of the size of this effect can be obtained from the 
models computed in Chapter Four . Assuming a gaussian HI distribution 
the peak opacity ( T ) occurs at the centre . When this is adopted 
max 
as the mean opacity for the whole galaxy, a correction factor C is 
required in the righthand side of equation 2.3 : 7 of the form 
C 
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Both T and the corresponding% increase in the HI mass are entered 
max 
in Table 2 . 3: I for the galaxies observed here assuming a = 18 km/sec. V 
This only results in a 1o% increase in the HI emission mass, even for 
NGC 253 where b a = 0.35. 
If the trend illustrated by the data of 
Table 2 . 3:IV , which is derived from a variety of sources and includes 
all types of galaxy, is any guide, the values of T suggested by max 
the edge on models with a constant spin temperature are far too low. 
The implications of this result are discussed at length in Chapter Eight . 
2 .4 Ring Structure 
NGC 5236 is the most likely object in which to find an HI ring as 
it is a face on spiral and has the most extended HI distribution. The 
signal intensity I(9,~) defined by 
I (9,~) JV0 +30 T (e,~,v) dv 
V -30 a 0 
is contoured over the plane of the galaxy with V = 505 km/sec . It 0 
results in this case in an almost circularly symmetric peak centered 
on the nucleus, whereas the presence of a ring would have sited a local 
minimum at this position. NGC 45 was not tested in the same way as it 
is much smaller . Both NGC 247 and 253 are strongly inclined and offer 
little scope for resolving a ring in this way. But NGC 253 has almost 
no detected signal at the systemic velocity; whether this is due to 
self absorption, the continuum source at the centre or to very broad 
velocity profiles making it difficult to determine a baseline is not 
clear . The absence of HI at the velocity of the centre is a strong 
pointer towards a ring model which is investigated further in Chapter 
Five by comparing the observed velocity profiles with those calculated 
assuming ring and gaussian HI distributions. 
26 
The failure of the above test to detect a ring in NGC 5236 could be 
due to the asymmetry in the velocity field about the minor axis seen in 
fig (3 . 6: 3). If this is the case, a ring structure might show up in a 
plot of the intensity contours for a velocity - major axis section 
through the galaxy . In a similar diagram constructed by Shobbrook and 
Robinson (1967 ) for NGC 300, two regions of maximum intensity which are 
symmetrically sited about the nuc leus are interpreted as suggesting a 
ring distribution . It is easily seen from fig (2,4:1) that NGC 5236 
has no similar structure . Though there are two local maxima, they are 
both on the same side of the nucleus . In any event the interpretation 
of these diagrams is ambiguous as many of the models constructed in 
Chapter Four with gaussia~ HI distributions show similar local maxima to 
that seen in the diagram for NC~ 300 . This is due to the large velocity 
gradient at the centre broadening the central profile to such an extent 
that the signal intensity at every velocity is less than that of the 
peaks of the adjacent velocity- profiles . 
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Fig 2 . 4 : 1 Plot of the intensity contours in a velocity-ma j or axis section through 
NGC 5236 . Contour interval is °K . Star represents the position of the 
nucleus and the arrows point to turnover points . 
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CHAPTER THREE 
THE OBSERVED 21 CM VELOCITY FIELDS 
Introduction 
The frequencies of all signals measured at 21 cm are lrn.own to a 
few cycles . As the rest frequency of the line is accurately lrn.own, the 
measured frequency offsets are easily converted to velocities using the 
usual Doppler formulae . It is reasonable to interpret these offsets as 
relative velocity differences because the only other accepted red-
shifting mechanism, the gravitational redshift, could not account for 
even 1 km/sec . Roberts (1968b) has tested the validity of the Doppler 
shift by looking at the regression line fitted to the 83 systemic 
velocities of galaxies observed at both radio and optical wavelengths . 
Over the velocity range from - 350 to +2400 km/sec there is no 
significant difference in the results . He therefore concludes that the 
form of the Doppler relation is sound over a wavelength range of 5 x 105• 
No strong radio frequency lines are expected in the vicinity of 
the 21 cm line , so no ambiguities arise from blending . The uncertaint~es 
in the measured velocities are due to the smearing of detail by the 
beam and to low signal to noise ratios in the outer parts . It is the 
purpose of this chapter to present the velocity data of NGC 45, 247 , 253 
and 5236 in a relatively unprocessed form , without trying to correct 
for beam smoothing . In doing the latter a number of assumptions are 
necessary concerning the real nature of the velocity field and the HI 
distribution. The simplicity of these and the lack of understanding of 
the real variation of cloud densities and spin- temperatures in a galaxy 
suggest that the best approach to the data is through a comparison of 
the observations wit h the models . This is especially true for the 
edge on galaxies . Section 3 , 1 determines the systemic velocity of each 
galaxy and sect i on 3 , 2 gives the essential geometry necessary to an 
understanding of the effects of rotation . The velocity fields of 
NGC 45 , 247 , 253 and 5236 are discussed in sections 3 , 3 to 3 , 6 
respectively . 
3 , 1 The Systemic Veloc i t y 
In determi ning the systemic velocity V of a distant galaxy with 
0 
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a 1° beam it is necessary to assume that the velocity of the HI centroid 
is the same as that of the nucleus or rotation centre . Observations 
made at a higher resolution show that the centroid is often displaced 
from the nucleus (e . g . Tabl e 2 . 1: I ). Its velocity must therefore 
contain a rotational component . This is well illustrated by NGC 5236 
where V from optical sources and high resolution HI observations is 
0 
500 ±5 km/sec while Epstein ' s (1964 ) val ue is 530 km/sec . The systemic 
velocity can usually be determined from (1) the median or midpoint of 
the central profile or (2) from the properties of the velocity field , 
The second method is less liable to serious error , but may have a bias 
introduced if the rotation curves of the two ends of the major axis 
are very different . 
Since the central profiles of NGC 45 , 247 and 5236 are all 
approximately symmetrical , reasonable estimates of V0 can be made 
using the first method . The use of either median or midpoint velocity 
is of littl e consequence f or these galaxies , as both determinants have 
their individual errors . Median velocities are affected by errors in 
the baseline and by appreciable asymmetries in the HI distribution . 
The determi nation of a mi dpoint of the central velocity range is 
hampered by noise in the baseline . These velocities are listed in 
lines 1 and 2 of Table 3 .1: I . NGC 253 has a central velocity profile 
(fig 3.1 : 1c) which is so strongly asymmetric , and its peak velocity 
is displaced so far from a reasonable value of V , that the above 
0 
methods are completely inapplicable . Valders and H~gbom (1961) have 
observed the same kind of behaviour in M82 . 
The second method of determining V is most appropriate for those 
0 
galaxies with approximately symmetrical rotation curves about the 
nucleus such as NGC 45 , 247 , 300 and 3109 . A least square fit of the 
data from either the whole plane or from the region within 6~ = ±30° 
of the major axis generates a value of V which essentially equates 
0 
the maximum rotation velocity observed for each side of the minor axis . 
Line 3 of Table 3,1 : I lists the corresponding estimates of V , 
0 
while lines 4 and 5 give the estimates of V from any other 21 cm 
0 
observations and from optical spectra of the nucleus . It should be 
noted , however , that the velocities listed in this table do not 
necessarily refer to the same centre . In NGC 45 and 247 the measures 
for lines 1 and 2 are taken from the closest velocity profile to the 
adopted rotation centre . In NGC 45 the difference in these positions 
29 
I I 
is (7 sec W; 0 ,4 N), while in NGC 247 the difference is (6 sec W; 1 .8 S) . 
The reason for the large offset in NGC 247 is the adoption of a rotation 
centre which is displaced from the optical centre along the major axis , 
until it approximately mi nimises the errors incurred in fitting a 
single rotation curve to the velocity field . Section 6 . 1 discusses 
the details of this procedure . It is found, however , that small shifts 
in the position of the centre (-2 ') cause no significant change in 
the value of V derived from the ve l ocity field of NGC 247. No value 
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OK 
of V
0 
is derived from the velocity field of NGC 5236 , as the fitting 
of a singl e rotation curve in this case is meaningless . 
Line six of Table 3 . 1: I presents the values of V adopted in the 
0 
rest of this chapter 
V 
0 
1 • Midpoint 
2 . Median 
3 . Velocity field 
4. Other HI 
5 . Optical 
** TABLE 3 . 1: I 
NGC 45 NGC 247 
437 160 
439 151 
459 ±5 155 ±5 
4701 156
2
±15 
4504 
NGC 253 
250 ±10 
2753 
2605 
966 
NGC 5236 
504 
504 
530 ±1 52 
491 4 
5047 
4958 
6 . Adopted 459 155 250 500 
** All velocities are with respect to the sun . 
1 Rogstadt et al (1967 ); 2 Epstein (1964) ; 3 Roberts (1968b) ; 
4 Humason et al (1956 ); 5 Burbidge et al (1962); 6 B.G.C. ; 
7 Carranza (1967) ; 8 see section 5 . 3 
3.2 Projection Relations 
Within a radius of 10 kpc of the centre of our Galaxy the HI is 
30 
confined to a thin disk lying in the galactic plane. Beyond this radius 
there is a slow departure of the HI from the initial plane . A similar 
pattern is expected to occur in other galaxies . In investigating 
external galaxies , the Parkes ' beam smooths the HI distribution so much 
that no spiral pattern can be resolved . It is therefore possible to 
treat the HI distribution as a smooth circularly symmetric disk in the 
plane of the galaxy . When this is viewed from face on (i = o0 ) the disk 
31 
appears to be circular . More generally the galaxy ' s plane is inclined 
to the plane of the sky through an angle i and is seen as an 
elliptical projection. The position angle(~ ) of the major axis of 0 
this ellipse is then in coincidence with the line of nodes . 
Provided~ and i are known , the galaxy can be deprojected from 
0 
the polar coordinates (p, p) in the plane of the sky to the coordinates 
(r, ~ ) in its own plane using the relations 
r 
and 
p /(1 + sin2 p tan2 i ) 
arctan(tan p/cos i ) 
.......... (3 . 2:1) 
(3 . 2: 2) 
In both coordinate systems the origin is at the nucleus and p and~ 
are measured from the major axis . A discussion of the determination 
of~ and i is postponed to Chapter Six . The rotation centre used and 
0 
the values of~ and i adopted for reducing the velocity data of each 
0 
galaxy are listed in Table 3 . 2:I. 
Motions about the nucleus can be resolved into a circular rotation 
I I 
~; (r, ~ ) and a radial expansion@ (r, ~) which are connected to the 
observed velocity V(r , ~ ) by the well known relation 
v(r, ~) 
I I 
V + ~ (r, ~ )cos~ sin i + @ (r, ~ ) sin~ sin i (3 . 2: 3) 
0 
where V is the systemic velocity. Any motions that are out of the 
0 
plane of the galaxy can be represented by an additional term in 
equation (3 . 2: 3 ) of the form g(r, ~) cos i. Since sin i is a constant 
factor over the whole plane it is usual to include it in the functions 
I 
fitted to the rotation and radial expansion . The size of@ (r , ~ ) when 
I 
it exists is appreciably smaller than~ (r, ~) and is consequently 
difficult to separate from the effects of beam smoothing and random 
error . Equation 3 . 2: 3 is therefore simplified to 
v(r, ~) = V + ~(r) cos~ 0 . · .......... (3. 2:4) 
1 
by ignoring .g (r , ~ ) and 8 (r , ~) and assuming the rotation function is 
independent of azimuth . This form of the equation is fitted to the 
velocity field of each galaxy using a least square method described 
by Demming (1942) and allowing for errors in the measured values of 
P, ~ and V(r , ~ ). 
t(r) = 
t(r) is approximated by a Brandt function 
V ( 3 )3/ 2n(r/R ) Max --Max 
[1 + 2(r/~a)n J 3/2n (3 . 2: 5) 
with a predetermined index n, in which VMax is the peak velocity and 
R.. its radius in the galaxy' s plane . The results of fitting (3 . 2:4) 
-"Max 
and (3 . 2: 5) are tabulated for each galaxy in the section dealing with 
its velocity field . 
TABLE 2 •2: I 
* a(1950 .o) 0(1950 . 0) 
~o i V (km/sec) 0 
45 oh11m31s 
0 1 
- 23 27 .4 145° 55° 459 
247 O 44 37 - 21 0. 1 171 68 155 
253 O 45 06 - 25 34. 0 51 73 250 
5236 13h34m1 Os 
0 1 
- 29 37 . 0 00 35° 500 
* 
relative to sun 
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Both in this chapter and Chapter Six this programme is used extensively . 
2 The criterion of goodness of fit adopted throughout is o (ext ), the 
standard error (squared) of an observation of unit weight . This is 
defined by the relation 
2 
a (ext ) sum of the squares of the weighted residuals number of degrees of freedom 
L w v2 / (N - 2) 
Z, Z, Z, 
33 
3 . 3 Velocity Field of NGC 45 
As NGC 45 is the smallest of the galaxies observed here , it is 
subject to the most severe effects of beam smoothing . This is seen in 
the double peaked profiles and in the large scatter of observed points 
about the mean rotation curve . The optical dimensions of the galaxy 
I I 
in the B. G.C. are 7.4 x 5 .1 while the half width of the HI distribution 
I 
contoured in fig 2 . 1 :1 a is 5 . 2 . 
45 selected velocity profiles are plotted in their relative 
positions ~ross NGC 45 in fig 3 . 3:1 . The velocity scale is corrected 
to the local standard of rest and not to the sun , while the intensities 
are plotted from -0 . 5 to 2°K . HI is detected over the velocity range 
from 350 to 550 km/sec, so the velocity profiles are plotted in the 
range +300 to +600 km/sec . A peak temperature of 1 . 5°K is seen at 
Oh12m12s, - 23°1a : o, but most profiles have peak temperatures of less 
0 than 0 . 5 K. Many of these were observed more than once , and in fig 3. 3: 1 
the resulting profiles have been superimposed to improve the signal to 
noise ratio . Appendix One lists positions , peak velocities and weights 
of all the observed gridpoints . Table 1 .1:II lists the observing dates 
and the frequencies us ed with the multichannel receiver . 
The preliminary observations of NGC 45 were made with the single 
channel receiver using- a 200 second time constant and a procedure 
similar to that described in section 1 . 6 for the multichannel 
observations . Fairly complete velocity profiles at the gridpoints in 
the central regions were obtained ; the peak velocities of these are 
given in Appendix One . At the centre of NGC 45, the gradients in both 
velocity and HI number density across the beam are large and result in 
a distortion of the simple , single peaked velocity profiles seen with 
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I 
The velocity profiles of NGC 45 from 
48 channel observations • 
I 
1 
better resolution into double peaked profiles like that at Oh12m12s, 
-23°30 : 0 in fig 3.3 : 1 . The adoption of the velocity of the strongest 
peak in evaluating the velocity field from these complex profiles is 
suggested by the model studies of Chapter Four. 
All data from gridpoints within (6~ ) ±80° of the major axis are 
projected onto this axis and plotted in fig 3 . 3: 2 . The symbols used 
characterize data of different relative weights . In addition to a 
quality weighting (see column 4 of Appendix One) , the data is weighted 
by a factor ~os2~(1 + sin2¢ tan2i )- 1/ 2J to approximately compensate 
for the effect of the projection factors . Points with a weight in 
excess of o.6 are plotted as •, those with weights between 0.2 and 
34 
o.6 as o whil e the remainder are plotted asf:i . The above characteristics 
are followed in all the rotation curves presented in this chapter . 
The rotation curve plotted in fig 3 . 3: 2 for NGC 45 is not 
convincingly symmetrical about the nucleus . In the high velocity data 
there is a suspicion of the double peaked type of rotation curve found 
in NGC 253 by the Burbidges et al (1962 ) and in NGC 4027 by the 
de Vaucouleurs et al (1968) . The minimum is only shown by the low 
I I 
weight points between 15 and 25 from the centre, and is therefore in 
all probability a spurious result . The data from each side of the 
minor axis is separately fitted with a Brandt function which is plotted 
with the data in fig 3 , 3: 2 , Table 3 , 3 : I lists the fitted parameters. 
It is interesting to note the agreement between the single spacing 
interferometer results of Rogstadt et al (1967) , plotted asr~and the 
V 
I 
fitted curves for radii between ±5 about the nucleus . Rogstadt et al ' s 
I I 
results on the high velocity side at radii between 5 and 10 agree with 
the high velocity peak seen in the present observations . This feature 
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of the rotation curve i s therefore likely to be real . The fitted 
Brandt function smooths out this peak and fortuitously generates the 
almost symmetrical rotation curves listed in Table 3 . 3:1 . When 6~ is 
increased in value the fitted curves are l ess symmetrical , though they 
may still be reconciled within the combined standard errors . 
er p 
' 2 ' 
Following 
Preceding 
Total 
TABLE 3 . 3: I 
erVel = 15 km/ sec, i = 55° , 
~ = 145°' 0 
* V 
0 
459 km/sec, 
0 
6~ = ±30 
VM (km/se c ) ~ (mins . arc ) n ax ax 
' ' 3 68 ±100 9 . 2 ±6 . 5 
I I 
3 71 ±26 9 . 0 ±1 .7 
I 
' 3 70 ±31 8 . 9 ±1 . 7 
2 
er (ext) 
0.78 
0 . 29 
0 .52 
+ Epoch 1966.0 * Velocity with respect to the sun 
N 
11 
8 
19 
A print of NGC 45 from a 74" plate (I1a0+GG1 3) is shown in fig 
3.3:3 . Assuming trailing spiral arms, the sense of the velocity field 
seen in fig 3.3:1 shows that the r.ear side of the minor axis is at an 
angle of 235° E of N (SW) . &e Vaucouleurs classifies the galaxy as an 
SA(s)dm while Sandage classifies it as an Sc . 
3 .4 Velocity Field of NGC 247 
A set of 52 selected velocity profiles of NGC 247 are shown in 
fig 3 . 4 : 1 in their correct ~elative positions over the the galaxy . 
They were observed with the multichannel receiver . Their positions, 
peak velocities and relative weights are given in Appendix Two , while 
35 
the observing dates and the frequencies used are listed in Table 1 . 1: II . 
The velocity profiles are plotted for the velocity range -50 to +350 km/sec 
as HI from this galaxy is only detected over the range from 
0 to +300 km/sec . Despite the overlap of the lower end of this range 
with the velocity range in which galactic HI is expected , there is no 
recognisable interference from this source . In fig 3 .4: 1 the ordinate 
runs from - 1/2 to +3°K . Baselines are to be judged from the average 
level of the channels showing no definite signal . 
Peak signal strength of 2 3/4°K and 2 1/2°K are seen in the profiles 
on each side of the nucleus along the major axis . Profiles at 45m08s , 
o 1 m s o I m s o 1 m s o 1 
- 21 07 .8 ; 45 44, - 20 50 .1; 45 52 , - 21 01 . 9 and 45 28 , - 21 01 . 9 have 
definite subsidiary peaks and there are traces of similar structure in 
half a dozen other velocity profiles, though the structure in these could 
be due to noise . The velocities listed in Appendix Two refer to the 
dominant peak when it is obvious or to the estimated median velocity 
in the more doubtful cases . 
It is easily seen from fig 3 ,4:1 that the northern end is moving 
towards us while the southern end is moving away . A print from a 
103aO+GG13 plate taken with the 74- inch telescope is shown in fig 3 .4:2a 
together with a schematic sketch of the spiral structure . de Vaucouleurs 
(1959 ) classifies NGC 247 as an SAB (s)d . From the sense of rotation 
noted above , and assuming a trailing spiral structure of the form sketched 
(fig 3.4 : 2b ), the eastern side is the 1 near 1 side . It is also the 
weaker in luminosity . 
The SAB(s )d type is intermediate in form between the small Sc 
galaxies such as NGC 45 and 300 and the magellanic irregulars like NGC 55 . 
It is not certain what behavior these galaxies actually follow . It is 
possible that they incline to the magellanic structure expounded by de 
Vaucouleurs, de Vaucouleurs and Freeman (1968), in which the rotation 
centre is offset from the bar centre and the spiral structure has both 
trailing and leading arms . The spiral structure outlined in fig 3 ,4: 2b 
Fig 3.4:1a The velocity profiles of NGC 247 for the northern 
half of the galaxy; 
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is then misleading, and the near side can only be judged from the side 
which is optically weaker , while the rotation centre must be judged 
from the form of the rotation curve . As discussed in section 6 . 1 the 
1 
optimum rotation centr e is displaced 1 ;7 North along the major axis 
. 
from the brightest optical feature . The reality of this shift is 
37 
supported by microphotometer tracings of an Uppsala Schmidt plate of 
NGC 247 , which show that the northern side stretches .-.. 17% further than 
1 
the southern . The displacement of the HI centroid 2 .8 South of the 
nucleus in the direction of NGC 253 (see Table 2 .1:I) is in sharp 
contrast to the above offsets . A displacement of this size is most 
readily explained by postulating a tidal interaction of NGC 253 with 
NGC 247 . The small separation in the plane of the sky( == 235 kpc ) and 
small difference of systemic velocities (75 km/sec ) suggests that 
NGC 247 - 253 is probably a double system . I revert to this question 
again in Chapter Seven after the discussion of the double system formed 
by NGC 5236 - 5253 . It should be noted though, that the dis tortion of 
the velocity field introduced by a tidal interaction may be the cause of 
the offset rotation centre adopted for reducing these observations . I 
therefore prefer to regard NGC 247 as an ordinary spiral galaxy and not 
as a pseudo- magellanic irregular . 
The parameters of the Brandt function fitted separately to the 
data from the northern and southern ends are listed in Table 3 .4:I . It 
can be seen that then= 3 curves fit the rotation data better than 
n =1 . 5, and that the fits to each end are sufficiently alike to 
justify the fitting of all the data with a single function . All the 
data within ±eo0 of the major axis are plotted in fig 3 .4: 3 , together 
with the Bottlinger- Lohmann curve fitted to each end . Because of the 
nature of the errors introduced by beam smoothing, the off- axis points 
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TABLE 2 .4: I 
I 
km/sec 68° * a 2 0vel = 15 i = V = 155 km/sec cp 0 171° p 0 
centre Oh45m30s , - 20°54: 2+ Points from cp ± 300 
0 
Description VMa)km/sec ) ~ (mins .arc ) 2 n a (ext) No . pts . ax 
Following 3 96 27 13.8 ±1 . 6 0.64 11 
Preceding 3 91 36 14. 6 :±2 . 5 0 .70 7 
Total 3 94 20 14 . 3 ±1.3 0 . 59 18 
Preceding 1.5 89 63 14 . 5 :14 . 8 0 . 72 7 
Following 1. 5 94 46 12 . 4 ±2 . 7 0 . 67 11 
Total 1. 5 92 35 13 . 5 ±2 . 3 0 .62 18 
* reduced to sun + epoch 1967 .8 
in this figure show spuriously large rotation velocities when projected 
onto the major axis . No combination of cp and i with alternative 
0 
rotation centres has any effect in minimizing the deviations of these 
points from the mean curve defined by the high weight points . 
3 . 5 NGC 252 
NGC 253 is one of the c losest , brightest and most interesting 
spiral galaxies in the southern sky , but one on which comparatively 
little optical work has yet been done . There are no colours available 
for it yet, nor any measures of its polarization at optical wavelengths . 
Evans (19B7) has published three beautiful plates of the galaxy in the 
blue , yellow-green and red regions of the spectrum . In comparing his 
red and blue plates , he remarks on the apparent increase in the redness 
of the centre of the galaxy with respect to the rest . This observation 
is reminiscent of the Ha enhancement found by Lynds and Sandage (1963) 
for the filamentary structure of the central region of M82 . Burbidge , 
Burbidge and Prendergast (1962) henceforth referrred to as B2r have 
made a preliminary spectroscopic study of NGC 253 . It is noticeable 
that the region over which they were able to measure Ha continuously 
is exac tly the same in size as the red region on Evan 1 s prints . In 
view of the similarities between the central velocity profiles of 
NGC 253 and M82 , and in the apparent redness of their centres , it 
would be worth obtaining a plate of NGC 253 behind an Ha interference 
filt er and compositing this with a red plate to see whether the 
principal contribution to the r ed centre comes from Ha . 
A print of NGC 253 from a 103aO+GG1 3 30 inch plate is seen in 
1 1 
fig 3 . 5: 2 . The reduced dimensions of the B.G .C. are 14 . 1 x 3 ,7 though 
39 
the limiting optical dimensions are approximately three times as great . 
The spiral structure in NGC 25 3 is outlined as much by the numerous 
dusty regions as by HII regions , and the near side can be distinguished 
by the silhouetting of the dust against the brighter nucleus . This 
conclusion is confirmed by the sense of the velocity field seen in 
fig 3 . 5:1 when the spiral arws are assumed to trail . 
NGC 253 is a member of the Sculptor Group of galaxies (de Vaucouleurs 
1959) as are NGC 45 and 247 , and being the most massive galaxy of the 
six known members it is in a comparable position to that of M31 in the 
Local Group . It may also be a member of the double galaxy pair 
consisting of NGC 247 and 253 . Sandage (1961) classifies it as an Sc 
while de Vauoouleurs (1959 ) believes it to be an SAB(s)c . Its large 
inclination makes it difficult to be sure of any classification . I 
believe the galaxy is more likely to be an SAB(s )b from a consideration 
of three supplementary criteria . These are (1) the form of the optical 
rotation curve which rises steeply to a turnover point at ~ax= 2 ±1 kpc 
,.._, 
and VM - 200 km/sec, characteristics which are shared by the recent 
ax 
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40 
studies of NGC 4258 (Burbidge et al ; 1963), NGC 4736 (Chincarini and 
Walker ; 1967), NGC 1808 and 1832 (Burbidge and Burbidge ; 1968 , 1968a) and 
by other Sb galaxies. M31 and our Galaxy have similar rotation 
curves but larger values of R.__ ~ 
--Max (2 ) the ratio of the neutral hydrogen 
( 9 11 2 mass - 2 x 10 M0 , Table 2 , 3: II ) to the total mass ( -2 x 10 ~' BP) 
is approximately 0,01, a value similar to the ratio obtaining in M31 , 
the Galaxy, and other Sb ' s like NGC 2638 and 3031 , (3) Finally the 
extent of the radial distribution of HI in NGC 25 3 is much less than 
that in NGC 5457 , 5236 and other large Sc galaxies, but closely follows 
the behaviour seen by Roberts (1966) in M31 , Admittedly the last two 
criteria are still only poorly understood and may be subject to a wide 
variation of scale size between different members of the same class , 
When taken altogether these factors suggest that an Sb or SAB(s )b 
classification is reasonable , 
The rest of this section is concerned with presenting the 21 cm 
data . All observations. of NGC 253 were made with the 48 channel receiver; 
the observing log is given in Table 1 . 1 : II , HI radiation was looked for 
over the velocity range from -1 50 to +800 km/sec , but was only detected 
over the range from Oto +500 km/sec . Since HI is detected over a 
velocity range of more than 200 km/sec in only three cases , the northern 
half of the data is plotted from -1 00 to +300 km/sec in fig 3 , 5:1a 
while the southern data is plotted from +200 to +600 km/sec in fig 3 , 5:1 b , 
0 
The intensity scale of all profiles runs from -0, 5 to +2 K, the 
baselines are to be judged from the average level of the channels 
showing no definite signal . 
There is a c l ear demarcation in fig 3,5 : 1 between profiles with 
peak velocities greater than and less than the systemic velocity . This 
TABLE 3.5: I 
' ap = 2 , crVel = 15 lan/sec , 
centre+ Oh45m59s, - 25°28 : 2 
Description 
Preceding 
Following 
Total 
Preceding 
Following 
Total 
n 
3 
3 
3 
1. 5 
1.5 
1.5 
204 289 
216 262 
206 186 
203 245 
211 252 
205 168 
* relative to sun 
i =; 730 ' * V = 250 lan/sec , ~ 
0 0 
Points from ~o 
~ (mins .arc) ax 
' 
I 
8 . 5 ±5 . 3 
7 . 1 ±3 .o 
7 . 9 ±2 . 8 
6.6 ±3 .4 
5 . 8 ±2 . 8 
6 . 3 ±2 . 2 
+ Epoch (1967 . 8) 
± 30° 
2 
a (ext . ) 
13 . 1 
7 .8 
1 o.o 
13 . 1 
7 . 7 
1 o.o 
N 
15 
11 
26 
15 
11 
26 
41 
is heightened by the incompleteness in fig 3 . 5:1 of three minor axis 
profiles having both a high velocity and a low velocity peak . Only the 
largest of these peaks is featured in this diagram . The profile at 
Oh46m09s, - 25°2 -1~1 shows signs of its high velocity component in the 
absorption feature at V =-20 km/sec . In this case the high velocity HI 
is inadtVeTteruhly observed in the reference channels, and is therefore 
seen in the velocity profile as an apparent absorption feature . It is 
surprising, however , that the central profile shows no sign of a low 
velocity peak . This profile (fig 3 . 1: 1c ) is composed of two separate 
observations of the centre , which were made with different frequency 
settings such that the reference channels could not detect any HI from 
NGC 253 . Yet within the accuracy of extrapolating the baseline across 
the profile, there is almost no HI signal strength at the systemic 
velocity of NGC 253 . Despite the form of the central profile, it can 
be seen from the velocity r~nge over which HI is detected that the 
adopted systemic velocity of 250 lan/sec is accurate to - ±15 km/sec . 
Listed in Table 3.5:1 are the parameters of the Brandt functions 
fitted separately t o the data from the preceding and following sides . 
The enormous values of a2(ext ) listed in this table show that these 
curves do not represent the data very convincingly . This can also be 
seen in fig 3.5:3 in which both the f itted curves and the data are 
plotted . A number of low weight points on the low-velocity side 
' ' between 20 and 35 from the nucleus have velocities close to the 
systemic velocity . Tre existence of these points causes the rotation 
curve defined by the data to appear markedly asymmetric . 
Also plotted in fig 3.5: 3 (dotted curve ) is the mean form of the 
rotation curve determined by B2p from spectra taken along the major 
axis . Since these curves are plotted with respect to the catalogue 
centre , they do not show as much agreement in detail with the HI 
' observations as they would if they were centered~ 2 SW of the adopted 
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centre . They do however , confirm the reality of the large velocity 
gradient through the nucleus which has already been noted in the present 
observations . The optical results also suggest that R.__ is smaller 
-~ax 
than the 6 - 8 minutes of arc found from the fitted Brandt functions 
of Table 3.5:1. This suggestion is used in Chapter Four for determining 
the most suitable model parameters required in simulating the 
observations of NGC 253 . A full discussion of the optical results and 
the corrected HI observations is deferred to section 5.5. 
To check whether there are any systematic tendencies in the 
deviation of the velocity data from the fitted rotation curves of 
Table 3.5:1, a map of the velocity residuals computed from the relation 
= Vb (r ,~ ) - V t(r) cos~ o s ro 
is made . This exhibits an odd kind of symmetry about the minor axis 
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0 
such that along ~ = 0 there is a region of consistently large 
> ("" 100 km/sec ) residuals on the South side and a similar region of low 
residuals (.:S 100 km/,sec) on the North side. Similar behaviour in M82 
is interpreted as indicating the expansion of gas out of the plane of 
the galaxy . However in NGC 253 there are few signs of similar explosive 
activity . Maltby and Moffet (1962 ) did suggest that the radio source 
' at the centre of NGC 253 might consist of two components spaced at"" 3 
along~= o0 • But later observations by Ekers (1967) and Fomalont (1968) 
do not support this model . Instead they suggest that NGC 253 is a 
core -halo source . The core is unresolved and has an (E-W) dimension 
' < 0 . 3 and a flux at 1425 MHz of 2 . 5 f .u . while the halo has a diameter 
' ' of 5 . 2 ±0.7 and a flux of 3 .4 f . u . Gardner , Morris and Whiteoak (1968) 
have measured the polarization of the combined source at 11 and 20 cm, 
but find that the degree of polarization is less than 0 . 7% . Likewise 
the spectral index of the source is"" - 0 . 67 at 109 Hz , (Harris 1969), 
a typical value for radio galaxies and much larger than a =-0 . 2 found 
in M82 . A dis cussion of the B2r> spectra along the minor axis (section 
5 . 5) also limits the kinds of explosive models which are consistent with 
the above facts. It should be noted that the axis of these velocity 
deviations ~ = o0 ±20° is approximately the same as the axis joining 
NGC 247 and 253 . 
3 . 6 Velocity Field of NGC 5236 
NGC 5236 is the most interesting galaxy of the four discussed here 
0 ' as its low inclination of"" 35 , large dimensions on prints of 10 ' X 10 
and its large ~otation velocity enable a detailed study of the velocity 
field to be made . Twenty spectra have been taken with the 74-inch 
telescope to confirm the results of the HI study, though the discussion 
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of these is deferred to section 5 .4. 
Figure 3 . 6: 1 shows the regular grid of 99 velocity profiles obtained 
with the single channel receiver and constructed from the scans by the 
methods related in section 1 .4. The mean profile is outlined . Models 
constructed in the next chapter with both simple gaussian HI distributions 
and ring models of the kind discussed in many places by Roberts show no 
internal structure, such as the double peaks seen in data of NGC 45 and 
247. Instead they follow the same general pattern of profile shapes 
as those drawn by hand through the data plotted in fig 3 . 6: 1 . There 
is a smooth transition from the central symmetric profiles to the 
surrounding asymmetric ones, and from these to the weak and relatively 
symmetric profiles at the extremities . This pattern is also followed 
in the earlier studies of NGC 55 , 300 and 3109 . It appears to arise 
when the velocity gradient across the centre is sufficiently small for 
the beam to avoid encompassing HI from both . turnover regions at the 
same position . A listing of the positions , peak velocities and relative 
weights of the observed velocity profiles is given in Appendix Four. 
The observing log for the single channel observations is in Table 1 .1:I, 
and for the supplementary multichannel observations in Table 1 . 1: II . 
TABLE 3.6 : I 
' 10 km/sec * 500 km/sec ; 35° (j 2 cJVel = V = i = p 0 
+ h m s o 1 00 ; ticp ±30° centre 13 34 58 , - 29 41 . 3 ; cp 0 = = 
VM (km/sec) ~ (mins .arc) 2 Description n a (ext) N ax ax 
South 3 125 18 29 . 2 ±2 .4 0.58 39 
1. 5 126 43 43 . 1 ±8 . 5 0 . 78 39 
North 3 107 19 17 .4 ±1.4 1 . 22 41 
10 111 11 17. 7 ±0 . 7 0 . 77 41 
+ Epoch 1964 . o * relative to sun 
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Fig 3.6:1 The velocity profiles ,of NGC 5236 constructed 
from single channel scans in declination. 
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All the velocity profiles are plotted from +300 to +700 km/sec and 
from Oto 1 .3°K in intensity. The baselines of these profiles correspond 
with the zero of the intensity scale. After projecting to the major 
axis, the peak velocities of all the observed velocity profiles within 
so0 of the major axis are plotted on the rotation curve shown in fig 3 . 6: 2 . 
It is obvious that the data for the two sides of the minor axis follow 
rather different mean curves , and that the scatter about the northern 
low velocity locus is greater than that about the southern . Table 3 . 6: I 
lists the parameters of the Brandt functions fitted to the data . A 
Bottlinger-Lohmann function fits the high velocity data well out to a 
' radius of 40, but none of the Brandt functions fit the low velocity 
data closely . The best curve tried uses n = 10 . Unlike the data of 
the previous galaxies , the off- axis points scatter evenly about the 
mean curve . This is principally due to the smaller inclination and 
larger dimensions . 
The intrinsic velocity field is best shown by fig 3 . 6: 3 in which 
contours of equal observed velocity are drawn over the galaxy . This 
shows four interesting features . 
(1) The asymmetrical rotation curve noted in fig 3 . 6:.2 is equivalent 
to a section through this figure along the major axis . It can be seen 
that at the low velocity end, the 420 km/sec contour is closed, whereas 
at the high velocity end only the 610 km/sec contour closes . This shows 
that the asymmetry is independent of either the rotation centre used 
or the inclination and major axis adopted . 
( 2) Velocity contouns near the minor axis cross the axis . These are 
expected to be parallel to the axis if the galaxy is only rotating 
about its own axts of symmetry. This observation is not nullified by 
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using any alternative position angle as the minor axis . Similar 
observations ~n M31 and NGC 55 and 300 are usually interpreted as 
implying the existence of non- circular motions . 
(3 ) The inclined contours near the minor axis twist back towards the 
turnover points on each side , in a fashion previously observed by 
Shobbrook and Robinson (1967 ) in NGC 300 . This pattern bears a strong 
resemblance to the velocity field generated in a model which includes 
a radial expansion everywhere in the plane of the form 
/__.; m 
V sin cp X ( ,..=:,, ) for r ~ -r 
-e (r) sin 'f = • • • .• (3 .6 : 1 ) 
V sin cp X (~) for r < 
-
,..... 
-
--
-
1--, ,.._, ' 
where ,!::::!-. = 6 , V ";;: 100 km/sec and m = 2 . Figure 3 . 6: 4 shows a computer 
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plotted version of the velocity field to be expected using this 
functional form of the radial expansion with the Brandt functions fitted 
to the velocity data of each end . It does replicate the general form 
of the twisted chara~teristic of the velocity field. Unfortunately 
the attempts made at fitting a radial expansion function of this form 
at the same time as the rotation function ~(r) do not give a consistent 
f orm of 8 (r) when the data from each side of the minor axis is treated 
separately . The fitting errors obtained by this procedure are hardly 
any less than those obtained by fitting only the rotation component. 
(4 ) The asymmetry in the shapes of the turnover regions is extremely 
noticeable in fig 3 . 6: 3 . In part this is due to effect (1) above . 
The high velocity turnover region is approximately elliptical in shape . 
This is normal . But the oblong form of the low velocity region with 
its large extension in azimuth and small radial extent is unusual and 
Fig 3 ,6: 4 Computer generated velocity field of NGC 5236 , including a rotational compon~nt 
decreasing as r2 , The uncorrected Brandt functions fitted t o each end separately 
are used to provide the rotation curve of that end . The major axis is p..rallel to 
the length of the frame and the contour jnterval is 20 Ian/sec , 
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difficult to explain . 
Of all the characteristics noted above , the most outstanding is 
the asymmetry of the rotation curve . It is seen in Chapter Seven that 
a considerable portion of this asymmetry can be explained by the rotation 
of the whole galaxy about the barycentre, lying on the line joining 
the centres of NGC 5236 and 5253 . This requires the pair of galaxies 
to form a true physioalll stable system of the kind linking the Galaxy 
and the Magellanic Cl ouds . 
An alternative method of looking for radial motions is to plot the 
velocity deviations from either of the fitted Brandt functions of 
Table 3 . 6:I in the form of a radial expansion curve. The velocity 
deviations plotted in fig 3 . 6: 5 are computed from the observed velocities 
using equation 3 . 6:2. 
6V(r ) 
Vb (r , ~ ) - ~(r) cos ~ - V 
0 S 0 
sin~ ••••••.• (3 . 6: 2) 
Observations within 45° of the minor axis are plotted as e, the rest 
of the points within 57° as Q. Figure 3 . 6: 5 shows that a general 
relation of the form 6V(r) = C - Kr- m would fit this pattern of velocity 
residuals . The exact form of this relation and the symmetry obtaining 
between points plotted on each side of the diagram depends critically 
on the value of V used and more generally on the form of ~(r) . It 
0 
is tempting to interpret tnese observations as indicating the presence 
of an expansion at the centre and a contraction in the outer regions . 
However, a part of this result is due to the effects of beam smoothing . 
I shall revert to this question in section 4. 5 when we have obtained a 
suitable model galaxy. 
Fr om the sense of rotation observed in fig 3 . 6: 1 and assuming 
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trailing spiral arms (see fig 5 . 3: 1) the near side of NGC 5236 is the 
western side about cp = 270°. 
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4 . 1 Objectives 
CHAPTER FOUR 
SIMULATION OF GALAXIES 
If the mean local velocity of HI at a point in the plane of a 
galaxy is called the characteristic velocity of that position, then it 
is important to know how much of an error is made in interpreting the 
observations , as if the characteristic velocity of the position on the 
principal axis of the aerial pattern is identical to the velocity at 
which the profile has its peak signal strength . The testing of this 
assumption is the principal motive behind the construction of these 
models. However, given a set of model velocity profiles , it is a simple 
matter to derive the distribution of velocity deviations (6 v) between 
the characteristic velocity and the peak velocity . Then assuming the 
validity of the model, the resulting set of corrections can be used to 
obtain the rotation curve which would be observed in the absence of 
beam smoothing. This work is done in section 4. 4. Section 4 . 2 
introduces the theory needed to construct a model and discusses the 
value of the velocity dispersion (a) and spin temperature (T) required . V S 
Section 4. 3 compares the forms of the model velocity profiles with the 
observations, while in section 4. 5 the effect of ring and disk HI 
distributions on ·the rotation curve is investigated . 
4 .• 2 Simple Models 
Model galaxies have previously been constructed from simple HI 
distributions by Epstein (1964a) , Burke , Turner and Tuve (1964) and by 
Roberts (1968a) to simulate their observations . It is usual to adopt 
a neutral hydrogen distribution which is circularly symmetric in the 
50 
plane of the galaxy, is confined to the plane, and has a smooth radial 
variation of the line of sight number density . The overall distribution 
may be disk shaped, gaussian or in the form of a ring. 
In the present models the spin temperature (T) is assumed to be 
s 
125°K and constant everywhere in the model . This is a simplification 
of the recent models of our own Galaxy in which part of the HI is 
0 thought to be co~centrated into cold clouds of T "'50 to 100 K while 
s 
the rest forms a hot inter-cloud medium of T .:::_ 1000°K . But at the 
s 
low resolutions available on galaxies beyond the Local Group, it is 
reasonable to adopt mean values of the spin temperature and the number 
density(~) along the line of sight . As section 2 . 2 has shown that 
the radial variation of the antenna temperature can be described by a 
gaussian, the first models const~ucted here assume that the number 
density along the line of sight to a galaxy of inclination i is 
2 
N0 exp{ - 2
: 2} sec i 
r 
(X) 
= I 
_ oo 
!\Ids •••••• (4 . 2:1 ) 
in which r is the radius , a the half-width in the galaxy plane ands 
r 
the distance along the line of sight . A simplified circularly symmetric 
velocity field is adopted, using a single rotation curve , which is 
appropriately projected to give the line of sight velocity. 
V b (r) 0 S 
where~ is the azimuthal angle in the galaxy plane measured from the 
major axis and n , VM and w are the order of the Brandt curve and the 
turnover poi~t parameter~ . 
For simplicity the HI observed along the line of sight is assumed 
to follow a gaussian velocity dispersion 
f(v) 1 
a ./ 2n 
V 
exp .....•..• (4 .2:3) 
where V is the characteristic velocity and a the velocity dispersion . 
0 V 
To calculate the brightness temperature along the line of sight using 
Tb(e, cp, v ) = Ts(1 - e -T(e, cp, v) ) ••.•.••.• (4 .2:4) 
requires an expression connecting the number density per square cm to 
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the optical depth T. This is given by equation 4.2: 5 due to Wild (1952) 
3 3 A21 c h 
32n v2 k 
T (V) X 
2.85 X 10- 15 
1 
T 
s 
- 1 sec 
......... (4 .2:5) 
where A21 is the trans~tion probability for the line, Ts the spin 
temperature and NH the line of sight number density . Substituting the 
usual value for the velocity of light (c) , the frequency of the line 
(v in~) , and Bo ltzmann's (k) and Planck ' s (h) constants enables 
equation 4. 2:5 to be rewritten as 
T (V ) 5.4 5 x 10- 19 NH f(V) 
T 
s 
......... (4 ,2:6) 
where f(V ) is expressed in (!an/sec)-1 • Thus having postulated some HI 
distribution NH(r ) equations (4.2:2), (4, 2:3) and (4 . 2: 6) are substituted 
into (4 ,2:4) to give the distri bution of brightness temperature Tb(e , cp,V) . 
The antenna temperature T (e, cp , V) is obtained by convolving 
a 
Tb(e , cp ,V) with the aerial pattern 
A(9,cp) 
-
~2L
2 +2 cp 2J 
= A exp 
0 
using the well known relation 
Ta (e, cp, v ) =~ff A(L11 ) Tb (s-e,11-cp, v) dsdri 
beam (4 . 2: 7) 
where A is the .. effec tive area of the antenna to a source on the 
0 
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principal axis and Eis the half width of the aerial response function . 
For convenience Tb (e, ~ ,V) is rewritten as 
Tb(8 ,~,V) T (1 - e- T(S ,~,V)) = T w(8 ,~,V) 
s s (4 . 2: 8) 
where o/ (8 , ~,v) ~ 1 and is used to define an effective source solid 
angle 
o (e,~ , v ) 
s 
= JJ o/(s - e , n-~,v ) x Afs,~) dsd~ 
beam 0 
Substituting (4 . 2: 8) and (4 . 2: 9) into (4. 2:7 ) and using A 
0 
gives the relation 
T (e,~ , v ) 
a = X 
Ts [ O.(~~ . v)l 
(4 . 2: 9) 
2 
X'A /0. B 
(4 . 2: 10) 
where x is the beam efficiency defined by eq_ua tion ( 3. 3: 5) and O B is 
the effective beam solid angle defined by 
= JI ~.,]2. dsd~ 
be~m 0 
The bracketed portion of 4. 2 : 1D is eq_uivalent to an opacity . 
Since the output filters have gaussian passbands of width 2aB it 
is necessary to eval uate a mean opacity across the filterwidth to use 
in eq_uation (4 . 2 : 8), using 
00 
-( ) J T('f ) T e , cp , vt = o 
-oo a.,J2rr 
2 
-( V - \ ) } dV 
---,,2--
2 0-B 
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in which V. is the central velocity of the ith filter and V the 
1 0 
characteristic velocity at (e,cp ). A the numerator is the convolution 
of two gaussians it can be solved analytically using the method 
described in Section 6.4 to give 
T(V0 ) { - (Vi - v0 /} :;:- ( e, cp , V. ) exp 
2 1 o..f 2rr 2o (4.2:11) 
with o "'..J (ov 2 + oB 2) 
and T (V ) 
0 
5 • 4 5 X 10- 1 9 N 
0 
T 
s 
Unfortunate ly the convolution of 7/1' (e , cp , V) with the aerial pattern in 
(4.2 : 9) has to be evaluated numerically . Once the initial HI 
distribution is decided, it is simple to evaluate the optical depth 
using (4. 2:11), thence to evaluating the effective source solid angle 
numerically (4 . 2 : 9) and substituting the result into (4 . 2:1 0) to build 
up a simulated velocity profile . 
Discussion: The model worked through here assumes a gaussian 
distribution of neutral hydrogen which follows equation 4 . 2:1. It is 
simple to change the form of 4. 2: 1 to compute the effect of either a 
ring distribution or a disk distribution following equations 4. 2: 12 
and 4 . 2 : 13 respectively . 
(ring and disk ) 
N 
0 
0 
and where N 
0 
a N 
0 
r~ 
r> 
0 
r 
0 
r 
~ 
= 
D2o 
r 
2 
2 
{ 
(r - r 0 ) } 
exp - 2 
20 
where o here is simply the 
r 
radius of the disk . 
x 2 . 502 x 1014 atoms/cm2 
0 
........ (4 . 2 :1 2) 
(4.2 : 13) 
(~ expressed in~ , Din Mpc, or in mins of arc) 
and - r /20 
2
{ 2 2 
e o 
r 
0 {TC 
+ -J-
a 2 
0 
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2/20 2 dx}-1 
-x 0 
e 
Three parameters are introduced with this ring model; a is the fraction 
of the total HI remaining in the disk , r is the radius of the ring 
0 
and a
0 
is the ring half width . In general I find it unnecessary to 
postulate a ring distribution since the main features of the observations 
are found from simple gaussian distributions . However, no attempt is 
made here to fit all the individual velocity profiles. The three 
extra parameters would be useful for such a task. It is seen in 
section 4 .5 that ring distributions do not particularly upset the form 
of the rotation curves calculated from the gaussian models and so do 
not in themselves introduce structure into the velocity profiles, 
that is not already observed in gaussian models. 
It should be noted in general , that all models require T and a 
S V 
to be specified in addition to the parameters of the velocity field and 
the HI distribution . T is discussed at the beginning of this section . 
s 
The velocity dispersion a of the gas along the line of sight is not 
V 
important in determining the r otation curve obtained or the shape of 
the velocity profiles . It is kept at a constant value throughout the 
model . Experiments made on varying a with various models of NGC 5236 
V 
show that the smaller the value of a , the more closely the observed 
V 
rotation curve follows the model curve when all the other parameters 
are· constant . A small value of a also increases the size of the 
V 
opacity . The values listed in Table 2 . 2:I assume a gaussian model 
with av= 18 km/sec . Yet the form of the variation of~ observed 
with inclination suggests the presence of larger opacities than those 
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predicted using a = 18 km/sec. 
V 
In our own Galaxy av~ 6 km/sec from the work of Heeschen (1955) 
and Clark (1965). Larger values of a are used by Roberts (1968a) in 
V 
models of NGC 4631 (av= 30 km/sec , i = 85°) and Gordon et al (1968) 
in models of NGC 6946 (a = 20 km/sec , i = 22°) . Roberts notes the 
V 
large size of a in NGC 4631 , but finds it necessary to use this value 
V 
as the standard errors of the fit increase by 14% as a ~ 5 km/sec. 
V 
As his model confines the HI to a plane, the rise in the value of a 
V 
is compensating for the approximation made in attributing all the HI 
along the line of sight to a single point. If NGC 4631 is comparable 
to our own Galaxy , the half width of the HI out of the plane is of the 
0 (160 pc) making the t otal thickness of HI - 400 pc . When viewed at 
an inclination of 85°, the total pathlength through the galaxy 
is - 4 1/2 kpc . The effects of differential rotation effectively 
increase the velocity dispersion by a factor of about six in this case . 
Since a similar approximation is made in these models, it can be 
expected that comparatively large velocity dispersions are also required 
in fitting the observations of NGC 247 and 253 as these have inclinations 
Of 68° and 73° t· 1 respec 1ve y . The optimum value of the velocity 
dispersion is checked by finding a model giving the least value of 
a2(ext ) (square of the standard error of an observation of unit weight) 
when the corrected velocity field of each galaxy is fitted with a 
Brandt function . 
4, 3 The Characteristic Velocity 
Robert ' s (1968a ) ap~roach to model building is such that he fits 
the models directly to the observed data . A similar approach is 
feasible with the present data, but is not followed because the 
resulting models depend heavily on the accompanying assumptions 
concerning the rotational symmetry of the velocity field , the form of 
the HI distribution and the values of a and T • It is obvious for 
V S 
instance , that NGC 5236 does not h~ve a circularly symmetric velocity 
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field . I have therefore att~mpted to analyse the available data in its 
simplest form and using as few assumptions as possible . It will be 
shown in Chapter Six that excellent tests of the adopted rotation 
centre and of the orientation parameters can be derived from the 
observed velocity field and temperature distributions . The results of 
that Chapter are assumed here in deriving the optimum models . For 
determining masses, it is only necessary to obtain the effect of various 
possible HI distributions and the effect of a on the observed form of 
V 
the rotation curve from the models . This task can be adequately 
conducted without recourse to a direct comparison between the observed 
and the 0omputed velocity profiles , simply by comparing the velocity of 
the profile peak with the same parameter obtained from the models . This 
is the subject of section 4.4. It is the purpose of this section to 
present a comparison between a few of the observed velocity profiles of 
NGC 45 , 247 and 5236 and those of the optimum model found from fitting 
the rotation curve . Only gaussian HI distributions are assumed in 
which a, the half width of the intrinsic HI distribution, is taken 
r 
from Table 2 . 2: I . Figures 4. 3:1, 4.3:2 and 4. 3: 3 show these comparisons 
for each of the above galaxies . It should be noted that no normalization 
of profile areas , or adjustment of the peak temperatures is made. The 
value of the total HI mass adopted is that listed in column three of 
Table 2 . 3: I . It can be seen that the model profiles are capable of 
reproducing the forms of the profiles actually observed . 
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It is possible now t o return to the query with which this chapter 
began , namely the size of t he error in the assumption that the 
characteristic velocity is equal to the velocity of the profile peak . 
This is most simply answered by looking at fig 4.3:4 , in which tables 
of the velocity difference between these two quantities as a function 
of the position in the gal axy are given for the best gaussian models 
of NGC 45, 247 , 253 and 5236 . In a large galaxy such as NGC 5236 with 
its comparatively low inclination, few of the values of t§l exceed 
10 km/sec. The worst deviations occur near the nucleus and on the 
major axis . But in the smaller galaxies and those with large 
inclinations, the corrections 6V increase their size as they move 
away from the axis , for as long as the intense HI regions near the 
major axis remain in the beam . Thereafter the size of 6y begins to 
decrease . As the velocity corrections in NGC 45 , 247 and 253 can be 
as large as 50% of the rotation velocity , it is necessary to correct 
the individually observed peak velocities for the effects of beam 
smoothing. 
4 .4 Corrected Rotation Curves 
Once the parameters of a model are decided upon , it is simple to 
use the theory described in section 4. 2 to generate a series of 
velocity corrections to apply at different positions across a galaxy . 
These can be organised into a matrix of the form presented in fig 4.3:4, 
from which it is a simple matt~r to interpolate, to locate the 
correction 6 V required for any observed profile . The interpolation 
routine used for this job was written by B. Newell for an IBM 360 
computer . The results of the interpolation are added to the observed 
peak velocity , and a Brandt function is then fitted to the corrected 
• 
• 
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data . Table 4,4: I gives the best fit parameters for NGC 45, 247, 253, 
300 and 5236 from the data within 30° of the major axis and assuming 
a gaussian HI distribution with the listed values of o . 
r 
In practice, this technique is found to be very powerful . Thus 
in the case of NGC 45, the preliminary models started erroneously by 
assuming a peak rotation velocity of 110 km/sec , Separate tables 
I I I 
constructed for assumed values of R... _ = 4 , 6, 8 and used with the 
-~ax 
I I 
above routines all gave values of R... in the range 6 . 0 to 7 , 5 and 
-~ax 
VM in the range (85- 100 km/sec) . It is only necessary therefore to 
ax 
construct a couple of simple gaussian models to arrive at definitive 
parameters of the kind listed in Table 4 ,4:I , More importantly it can 
be seen from this example that the distribution of values inside a 
·.ta"El:he(such as fig 4 , 3:4 ) is only dependent to a minor degree on the 
details of the assumed rotation function . 
Models constructed with a sequence of values of o, and treated 
V 
by the method described above generate a quantitative estimate of the 
goodness of fit in the value of o2(ext) . This is the square of the 
standard error of an observation of unit weight . The value of o 
V 
adopted is the value associated with the model generating the smallest 
2 
value of o (ext) , Figures 4,4: 1 and 4 ,4 : 2 plot the corrected data of 
NGC 45 and 247 ~espectively tn a single rotation curve for all data 
within 80° of the major axis , The last proviso is observed since most 
of the galaxies show an HI asymmetry such that the HI centroid is 
displaced from the rotation centre along the major axis. This can 
cause the the profiles near the minor axis to have sma l l velocity 
shifts which are incurred wholly from asymmetries of this kind . 
A check was made on the effect of asymmetry in a gaussian HI 
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value of o (ext) , Figures 4,4:1 and 4 ,4:2 plot the corrected data of 
NGC 45 and 247 ~espectively in a single rotation curve for all data 
within 80° of the major axis , The last proviso is observed since most 
of the galaxies show an HI asymmetry such that the HI centroid is 
displaced from the rotation centre along the major axis. This can 
cause the the profiles near the minor axis to have small velocity 
shifts which are incurred wholly from asymmetries of this kind . 
A check was made on the effect of asymmetry in a gaussian HI 
TABLE 4 .4: I 
Galaxy 0 0 
~ax V n NGC V r Max lan/sec mins . mins . km/sec 
45 12 6.9 7. 3 ±.9 92 ±22 3 
247 18 7.4 12. 1 ±.8 108 ±1 3 1. 5 
253 * 18 6.8 1 o. 3 ±1 . 9 262 ±80 3 
300 12 9.5 17 .4 ±1 .o 96 .8±9 .3 3 
5236 *( S) 12 13 . 2 24.9 ±3 .5 242 ±25 3 
(N) 12 13 . 2 20 .3 ±. 6 234 ±1 0 3 
* Not fully optimized 
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distribution on the resulting major axis rotation curve, to see whether 
this coul d in any way generate the kind of rotation curve asymmetry 
observed in fig 3 . 6 : 2 for NGC 5236 . Figure 4 . 4 : 3 shows the results of 
' displacing the HI centroid of a gaussian HI distribution 4 towards 
and away from the turnover point . Though some small changes can be 
detected, the effect of altering the value of a can be seen as far 
V 
more drastic . It is certain in any circumstances though, that the 
form of asymmetry noted above cannot be responsible for the observed 
asymmetry in the rotation curve of NGC 5236 . 
A second check can be made on this question . The least square 
polynomial of the fifth order fitt ed to the results of smoothing the 
low velocity data of NGC 5236 with a running five point mean curve , is 
fed to the simulation programme in place of the ordinary Brandt function . 
Fig 4 .4:4 shows the form of this curve and the corresponding simulated 
data from the major axis . As usual , the effect of beam smoothing is to 
reduce the peak velocity of the model , to increase the apparent radius 
of the turnover point and to raise the observed velocity in the outer 
' regions (r> 27 ) above the corresponding velocity of the model . But it 
is again obvious from the simulation, that the form of the low velocity 
rotation curve of NGC 5236 cannot be satisfactorily caused by the 
effects of beam smoothing . The observed rotation curve must reflect 
some definite feature of the velocity field of NGC 5236 itself . It is 
seen in section 7 . 2 that much of this behavior can be explained as 
being due to the solid body rotation of NGC 5236 about the barycentre 
on the line joining the ' pair ' of double galaxies NGC 5253- 5236 . I 
find the inability to explain the rotation curve asymmetry mentioned 
above in terms of perturbations of the HI distribution or as in any way 
Fig 4.4: 3 The effect on the major axis rotation curve of 
displacing the HI centroid 4' towards and away 
from the turnover point along the major axis. 
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due to beam smoothing a powerful argument for the reality of this 
physical pair . 
4. 5 Alternative HI Distributions 
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There are two alternative HI distributions that are often 
considered in the literature , the disk distribution and the ring+ disk 
distribution . It is useful to consider each of these further in 
relation to models of NGC 5236 . 
Disk HI : A comparison of the HI and optical extents of NGC 5236 show as 
usual , that the HI distribution is larger than the limiting optical 
size . But this galaxy is unusual in having a limiting optical extent 
I 
~ 20 which is only 1/4 of the diameter of the HI . A useful way of 
showing the reality of this ratio , is to consider disk models of 
I I I 
NGC 5236 with limiting radii of 12 . 5 , 22 . 5 and 32 . 5 respectively . 
The first of these is just a little larger than the dimensions quoted 
by the B. G.C. for NGC 5236 , the second is appreciably larger than the 
limiting optical size , while the third is close to the limiting size 
of the HI distribution . Fig 4. 5: 1 shows the corresponding rotation 
I 
curves obtained whenaBottlinger- Lohmann curve with R__ =20 and 
-~ax 
V = 180 km/sec and a = 18 km/sec, i = 35° is used with a uniform Max v 
disk HI distribution . 
It can be seen from this figure, that the profiles of the disk 
I I 
with R1 . ·t = 12 . 5 are too weak to observe beyond r = 20 , while with lffil 
I I 
R1 . ·t = 22 . 5 this is true at radii beyond 30 . lffil The fact that a finite 
I 
signal is observed ~t radii in excess of 36 argues for an HI 
distribution which is at least extensive as a disk with a limiting 
I 
radius of 30 . 
It is also readily seen from this diagram , that the points at radii 
1 
V 
,km/sec 
0 
Fig 4 . 5: 1 
Q 
.A 
A 
R (mins. arc 
1 0 
I, 
r, ... 12 ~6 
• 22 ~ 6 
o 32 ~6 
30 
Effect on the major axis rotation curve of a uniform di sk HI distribution of 
outer r adius rt . Model curve has RMax = 201 , YMax = 180 km/ sec, i = 35° ai ,d av= 18 lan/sec . 
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beyond r = Rlimit assume a velocity which is very close to that occurring 
in the model at r = Rlimit ' As with the gaussian HI distributions , the 
disk rotation curves underestimate the velocity of the turnover point and 
overestimate its radius , 
Ring Models : The preliminary ring models of NGC 5236 are not very 
impressive , They are constructed using a gaussian ring of half width 
I I I 
a0 = 5 and ring radii of 10 and 20 respective ly . Sixty per cent of 
the HI is put into the ring in each case , and the remaining 40 per cent 
is put into a 1disk 1 component which is formed from a gaussian HI 
' distribution with a = 16 . 6 . The value of these models should be judged 
r 
partly on their effectiveness in representing the velocity field of 
NGC 5236 and partly on an agreement between the run of peak profile 
t emperatures along the major axis and the observed profile temperature . 
Both of these quantities are plotted in fig 4 , 5: 2 . It is obvious from 
this diagram that even fairly extreme HI distributions such as those 
mentioned above do not affect the major axis rotation curve in any way 
which cannot be reproduced using a gaussian HI distribution . 
Likewise, the ring distributions produce a peak intensity at the 
ring radius which is easily capable of direct observations if present . 
That this is not the case is shown by the peak temperatures taken from the 
single channel observations of the high velocity (southern ) side of 
NGC 5236 , which are plotted as ! in fig 4 , 5: 2 . Also shown in this plot , 
are the peak temperatures obtained from a gaussian HI distribution of 
' half- width 16 ~ . These agree with the observed run of temperatures to 
within 0 . 25°K along the whole major axis with the exception of the 
I 
temperature from the +12 South profile , It can be concluded from 
these preliminary models with ring distributions that such models are 
Fig 4.5: 2 Effect of ring models on the observed major axis rotation I 
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(a) directly observable if 40 to 6afo of all the HI is concentrated in 
a ring, (b ) that therefore the only tenable ring models are ones in 
which less than 2afo of the HI is in the ring, (c) the radius of the 
' ring is at least 20 , and (d) that a ring HI distribution is therefore 
of comparatively minor importance in discussing the nature of the 
observed velocity field. 
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Since the HI observations of NGC 253 are peculiar and considerably 
at variance with expectation, a se~uence of ring models was used in 
attempting to simulate the form of the observed central profile . None 
of these was at all successful. A full discussion of this topic is 
deferred to section 5.5. 
CHAPTER FIVE 
THE OPTICAL OBSERVATIONS 
5 . 1 Introduction 
This chapter presents the pre liminary results obtained from 
measuring five long slit nebula spectra and sixteen image tube spectra 
of NGC 5236 . Section 5 . 2 discusses the reduction and measuring 
procedure adopted with the nebula spectra , while section 5 . 3 discusses 
those necessary in treating the image tube spectra . This data is used 
to construct an optical rotation curve out to a radius of 220 seconds 
of arc in section 5 . 4 . Finally section 5 . 5 discusses the optical 
observations of the minor axis of NGC 253 by Burbidge , Burbidge and 
Prendergast (1962) and compares the corrected HI rotation curve with the 
optical data . 
5 . 2 Nebula Spectrogra ph Plates 
Five spectra of NGC 5236 were taken with the nebula spectrograph 
mounted at the Newtonian focus of the Mount Stromlo 74-inch telescope . 
These are listed in Table 5 . 2: I . The bright inner arms are adequately 
exposed in approximately 150 minutes of good transparency using an f/1 . 2 
0 
semi solid Schmidt camera and a dispersion of 280 A per mm (1st Order , 
red ). All spectra were obtained using the 1aE emulsion and a slit width 
of 100µ . These plates are faster than the alternative 103aE and 103aF 
emulsions , but suffer from two drawbacks; (a) the background is far 
grainier than would be obtained on any alternative emulsion , (b) the 
plate has a long wavelength cutoff which begins to be severe at A66oo . 
The last effect can be clearly ~een in Fig 5 . 2: 1 in which the neon 
comparison lines A6717 , A7032 , etc , are missing . On the far right of 
this figure , the second order blue comparison spectrum from an He lamp 
can be seen (A3889 , A3964 , etc .); though they occur too far from the 
centre of the field for reliable measurements to be taken from A3727 
and the Hand Klines . Ha and NII A6584 are measured for velocities , 
but NaD blend A5892 is contaminated with the night sky line. 
TABLE 5 , 2: I 
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Plate Date Exposure 
(mins) 
Slit , Emulsion Position A6300 S .E. 
angle 
14 20 19 May 1966 155 100µ , 1aE 262 . 5° :!:32 
1421 20 May 1966 254 100µ , 1aE 210° :!:30 
1471 19 June 1966 279 100µ , 1aE 218° :!:43 
1483 25 June 1966 260 100µ , 1aE 218° :!:31 
1485 26 June 1966 180 100µ, 1aE 235° :!:33 
These plates have been measured on an Abbe Comparator fitted with 
a special carriage for moving the plate in the Y direction (at right 
angles to the direction of dispersion) . After initial teething troubles , 
this sytem was eventually adjusted to give reproduceable results . Ha, 
NII A6584 and the night sky line A6300 were measured at 50µ intervals 
with a pair of crosshairs set at 45° to the direction of dispersion . 
This procedure is simi lar to that adopted by the Burbidges (1959b) . It 
is also necessary to measure a standard position in the spectrum 
reasonably often , to monitor the effect of small temperature changes . 
These occasionally caused progressive shifts in the zero position of 
the scale which could amount to - 3µ over a four hour period . All 
measures are the means obtained from setting from both the left and the 
right . The average setting accuracy is - 1µ, though settings on A6300 
show larger errors . because this line is slightly irregular and asymmetric . 
As a check on the measuring procedures , each plate was reversed , 
Fig 5.2:1 
I 
I 
. 0 
Nebula spectra No.1483, 280 A per mm first order red spectrum 
on 1aE emulsion. Object is the nucleus of NGC 5236 along the 
bar. Exposure time 4 1/2 hours. 
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and remeasured . This did not alter the results significantly . A number 
of testplates in which the comparison spectrum extended along the whole 
slit were measured to test f or the presence of systematic line curvature . 
Neither these measures , nor the measures of 11.6300 line give any 
indication of curvature . 
The fitting function used in reducing these plates is 
f(x , y) A 
where the coefficients are obtained from measurements of six comparison 
lines , each at four different values of y . An excellent check on this 
reiuctionroutine is given by the run of velocity residuals along the 
night sky line 11.6300 , the standard error of these velocities about the 
mean velocity of the line are given in column six of Table 5 . 2: I . The 
mean velocity of the pight sky line from these five plates is - 14 km/sec 
(dispersion ±23 km/sec ), which is satisfactorily small . A s econd check 
on the systematic plate errors is given by the three independent 
e stimates of the systemic ve locity listed in Table 5 . 2: II . The errors 
quoted here are estimated internal errors , judged from the scatter of 
measures abo~t the mean gradient through the nucleus . 
TABLE 5 • 2 : II 
Plate V (km/sec ) Error (estimated) 
0 
1420 484 ~10 
1421 522 :1 2 
1483 479 ~15 
Mean 495 ~23 km/sec 
Though both of these estimates gave plate dispersions of :!: 23 km/sec, a 
check showed that the error in the 11.6300 mean velocity is not correlated 
with the deviation of V from 495 km/sec on the same plate . 
0 
1420 
Fig 5.2:2 Plot of the velocity as a function of distance from the 
nucleus in plates No . 1420 and 1483. 
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The run of measures from plates 1421 to 1485 are plotted with the 
image tube data to produce a mean rotation curve (fig 5 . 4: 1) . This 
figure shows some peculiarities on the high velocity side . In particular 
many of the A6584 measures appear to have velocities which when projected 
to the major axis are systematically - 100 km/sec greater than the 
majority of Ha velocities . To show that this is not generally the case , 
the measures from plates 1420 and 1483 are plotted in fig 5 . 2:2 as they 
are observed . In the last of t hese, the majority of NII measures show 
lower velocities than Ha . This type of bias might have been expected , 
purely from the effect of the sharp plate cutoff causing a little more 
attenuation of the red side of A6584 , than of the blue . But i t is 
difficult to find any reason for the velocities from the NII line A6584 
being large on only one side of the galaxy, and reliable everywhere else . 
The run of measures from plate 1420 show little deviation from the 
systemic velocity , as might be expected for measures near the minor 
axis . This spectrum does , however , rule out the possibility of velocity 
deviations in the nucleus of the kind observed in NGC 253 (see section 
5 . 5), NGC 3227 (Rubin and Ford ·, .1968) and NGC , 1068 (Wa1l.'ker.,, . 1968) . 
5 . 3 Image Tube Spectra 
An image- tube spectrograph on loan from the Department of Terrestrial 
Magnetism was used tn the 1968 observing season on the 74-inch telescope 
to measure the velocities of HII regions lying beyond the inner arms of 
NGC 5236 . The yield of sixteen spectra , four of them on the nucleus and 
two others duplicating previous observations are listed in Table 5 , 3: I . 
Figure 5 .3 : 1 shows the positions ·inNGC 5236 at which image tube spectra 
have been taken . All spectra were observed using a 200µ (1 . 2 arc sec) slit 
width, a slit length of ,...,, 12 mm and a 300 lines per mm grating, which 
E 
Fig 5.3:1 Print of NGC 5236 sho i 
the image tube spectra 
,, 
f 
Jl 
regions observed with 
Fig 5.3:1 Print of NGC 5236 showing the HII regions observed with 
the image tube spectrograph . 
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provides a dispersion of 183 A/mm and coverage of all wavelengths from 
\ 4400 to \7000 A. There is , however, rather severe S distortion for 
A~ 6600 A. This hqs complicated the reductions and rendered the 
velocities obtained from the weak SII lines at \6724 of very low weight . 
Plate 
047 
394 
395 
406 
410 
411 
41 2 
413 
414 
41 5 
461 
462 
464 
465 
466 
474 
Date 
14/5/67 
24/ 4/68 
24/ 4/68 
28/4/68 
28/ 4/68 
28/ 4/68 
28/ 4/68 
28/4/68 
28/4/68 
28/4/68 
29/6/68 
29/6/68 
30/6/68 
30/6/68 
30/6/68 
1 /7 /68 
TABLE 5.3: I 
Exposure 
75 
30 
90 
20 
30 
45 
40 
45 
30 
24 
60 
60 
60 
60 
63 
45 
p(sec) p * 
172 26 
nucleus 
200 182 
nucleus 
155 166 
219 186 
144 203 
116 305 
nucleus 
nucleus 
219 186 
200 182 
149 347 
216 1 
229 272 
120 102 
V(km/sec) V(\5577 ) Position 
524 
383 
372 
373 
395 
520 
421 
396 
537 
476 
44 2 
446 
- 17 
-117 
- 59 
-1 58 
- 130 
- 72 
-107 
-103 
- 57 
-102 
-1 29 
-182 
- 138 
- 146 
- 90 
- 77 
47 
n 
5 
n 
3 
4 
31 
25 
n 
n 
4 
5 
35 
36 
26 
22 
* measured eastward from the high velocity major axis position angle . 
Typical spectra are ill~strated in fig 5 . 3: 2. The comparison 
spectrum is derived from an Iron- Neon arc, but some unsuitable filters 
in front of the arc weakened the blue end of the comparison to such an 
extent , that the velocities from H~ and OIII \5006 and \ 4959 are of 
greatly lessened weight . In general the adopted plate velociti es are 
taken only from Ha and NII \6584. 
Though the speed of data acquisition is improved by using image 
Fig 5.3:2 
. r ;, 11 1
1 
. I 11 I Ii 
1
111 11 
I If ' I ,, ' ' I • I 
413 
I I I ti I I t 
f t I f 
414 
Image tube spectra No .413 and 414 of NGC 5236. 
Dispersion 183 A per mm. 
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tubes, the resulting spectra must be measured in two coordinates , because 
of the presence of three distortions. These are (1) the S distortion 
which causes a continuous change in the direction of dispersion along 
the plate , (2) non- parallel spectral lines caused by a change in the 
form of the S distortion along the line , and (3) intrinsic distortion 
and line curvature which is a function of the position of the line 
relative to the plate centre . These distortions are also noted by 
Rubin (1967) . Because of the greater speed and accuracy of measurement , 
I used a photoe lectric setting device (Gollnow, 1966) for measuring 
the image tube spectra, except for the four plates running through the 
nucleus . These latter spectra were measured on the same comparator as 
that used in the previous section, since the strong nuclear continuum 
of NGC 5236 made it impossible to distinguish the spectrallines with 
reasonable contrast on the setting device . 
The setting device is ordinarily a one-coordinate machine. At the 
author ' s suggestion, a modification has been built which moves the 
measuring slit along a spectral line and thus converts the machine to 
a versatile two- coordinate device . As this is not yet operational, 
provisional measurements were made with this instrument, using an 
accurate glass graticule as the Y scale. When the Y coordinate is 
obtained by first setting on the graticule, the accuracy of each setting 
is ±10µ, which is smaller than the 73µ measuring slit (i . e . than the 
length of the segment of the spectral line being measured) . A 73µ slit 
is used as this is the smallest length which is readily determined from 
the glass graticule . It is not possible to remeasure plates in this 
way and obtain velocities consistent to much better than ±15 km/sec . 
This is probably due in part to small errors in positioning the graticule 
scale at right angl es t o the direction of dispersion . The new 
equipment is designed to overcome the se limitations . 
TABLE 5. 3: II 
Standard Wavelengths* 
7032 .413 
6717 .042 
6678 .149 
6598 .953 
6506 .527 
6402.243 
6334, 428 
61 43,062 
Ha 6562 .82 
NII 6583 .60 
H~ 4861 . 33 
* Zaidel (1961) 
5852 .488 
5460 . 740 
5400 . 500 (blend) 
4957 . 609 
491 6.000 
All spectra are measured at four positions along each of the 
comparison lines listed in Table 5,3: II . On the setting device the 
galaxy lines are measured at increments of 73µ while on the Abbe' 
Comparator , the lines are measured at increments of 50µ (== to - 3. 6 
and 2.4 sec onds of arc respectively) . The effects of temperature 
changes which occur while measuring the spectra are corrected by the 
procedure described in section 5. 2. 
Reduction Programmes : A series of test plates with the comparison 
spectrum running along the whole slit are measured at increments of 
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100 µ along the lines to obtain the corrections needed for the image 
tube distortions . Since the detailed characteristics of the image tube 
and the transfer lens are unlalown , I fitt ed a two dimensional polynomial 
of the 4th degree in x and y (the x axis being along the direction of 
dispersion) to each plate . This is successful in representing the mean 
form of a spectral line as well as in reproducing the form of the S 
distortion and the effect of non-parallel spectral lines . Fig 5 . 3:3 
shows two calculated lines using the set of coefficients applied in 
reducing all the plates . These are smooth, They show no spurious 
distortions or oscillations of the fitting function whatsoever. 
To apply the test plate coefficients to the galaxy spectra, it 
is necessary to superimpose numerically the coordinate sytems of the 
test plate and of the galaxy spectrum. A small angle e inevitably 
remains between the directions of dispersion of each plate , as it is 
physically impossible in setting a plate up on the measuring machine, 
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to get the X axis to correspond exactly with the true direction of 
dispersion at the origin. Usually e< 2° . The procedure adopted , 
therefore, is to fit the large coefficients (a1 to a8 of equation 5 , 3: 1) 
to the galaxy spectrum, together withe. Then F(x,y) is the function 
fitted to the test plate where 
/1. 
calc . F(x, y) H(x , y ) + G(x, y) (5 . 3:1 ) 
in which H(x , y ) contains a fourth order dispersion relation together 
with the variation of the inclination of the spectral lines to the 
direction of dispersion along the plate , 
2 3 2 4 H(x , y) = a1 + a 2x + a3x + a4y + a5xy + a 6x + a7x y + a8x 
and in which G(x, y) contains the terms describing the other image 
tube distortions has the form 
2 3 4 2 22 3 3 G(x, y ) = a9y + a10Y + a11Y + a12xy + a13x y + a1 4xy + a15x y . 
The fitted coefficients a. are constants . A modified form of equation 
]. 
5 , 3:1 is fitted to the galaxy spectrum according to the relation 
20 
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A • F(x , y) • H(x , y) + G(x , y) + e ~ cl~~·;:) - x ~;,;:)] (5 . 3,2) 
which enables the coefficients of G(x, y) to be adopted from those fitted 
to the test plate . The last term provides a first order correction 
for the case where e / o . 
Good agreement is obtained when the measurements of one test plate 
are fitted in the same way as a galaxy spectrum would be, using equation 
5,3: 2. The resulting standard error of a measurement is only 3CP/o ( . 05 A) 
larger than a f i t of F(x , y) directly to the plate itself following 
equation 5, 3: 1. This is quite satisfactory . But in reducing galaxy 
spectra , one only has .- 50 measurements of the comparison strips , and 
these produce slightly greater fitting errors . A test of these 
conditions was made by first fitting a test plate according to equation 
5,3:1 , and then by isolating those measures running down the usual 
compari~on strips and making a fit of the previous coefficients to this 
more limited data . This test gave e ,... 0,05° and a 1CP/o larger standard 
error . 
A preliminary fit is made to the data with the above programme, 
" and those measurements with fitting deviations ~ 0.25 A are weighted 
down by the square of the deviation before a final fit is made . The 
0 
usual weighted standard deviation is then in the range 0. 15 to 0.2 A. 
One inexplicable result of these observations is that the night 
sky lines have consistently low velocities (with the exception of plate 
no . 47 taken about 1 year before all the others) . These are usually 
in the range from -70 to -160 lan/sec . Table 5, 3: I lists the mean 
velocity on each plate of the strong \5577 line . To check that this 
result is not due to the reduction procedures, a simpler polynomial 
[H(x,y)] is fitted to the spectrum. This fitted a straight line 
approximation to any one spectral line, and allowed for a progressive 
variation of the inclination of these to the direction of dispersion. 
Invariably this simple routine, which only used the comparison 
measurements made on the plate itself, gave the night sky lines larger 
(more negative) velocities. This result is not altered by changing the 
order of the dispersion relation: 2nd , 3rd and 4th order relations 
gave the same night sky velocities to within 6 km/sec . This shows that 
the low night sky velocities are not introduced by the reduction 
procedure. With the full reduction routine described above, no 
systematic trends are observed in the velocity residuals along the 
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night sky lines , though deviations of - 50 km/sec from the mean do occur . 
Table 5 . 3:III shows the results of measuring the systemic velocity 
of NGC 5236 from four plates using the nuclear velocities themselves . 
For comparison , the mean velocity of A5577, the strongest night sky 
line is also tabulated. This shows almost no correlation to the 
observed systemic velocity . It is likewise obvious, that the mean 
velocity of the night sky lines should not be added to the systemic 
TABLE 5.3 : III 
* V(A5 577) Plate V (km/sec) 0 
394 474 !10 - 117 
406 490 !10 
- 158 
414 516 !10 
- 57 
41 5 500 ! 15 - 102 
mean 495 !18 (s.e.) 
* calculated giving equal weight to Ha and NII A6584; velocities 
quoted with respect to the sun . 
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velocity as this is already in the range suggested by the 21 cm 
observations and by other optical observations (c . f . Table 3 . 1 :1) . 
Fortuitously the systemic velocity found from both the nebula spectra 
(Table 5 . 2: II ) and the image tube spectra agree exactly . 
Results : The agreement in the measured systemic velocity from different 
plates suggests that the mean plate velocities quoted in Table 5 . 3: I 
are reliabl e to ......,±20 km/sec . They are plotted on the major axis 
rotati on curve with the other optical data (fig 5 .4:1), and form a 
logical continuation of the mean curve . These are discussed further 
in the next section . 
Figure 5 , 3:4 shows the data of plates No , 394 , 406 and 414 along 
three different position angles through the nucleus , plotted as a 
function of radius from the centre , These show only an estimated 
scatter of ±10 km/sec about the mean slope , but all plates show a 
tendency for the velocities from NII A6584 to be a little greater than 
those obtained from Ha , A mean velocity gradient of 669 km/sec per min 
of arc is estimated from plates 394 and 406 which are close to the 
major axis . Assuming i = 35° , this projects to a velocity gradient 
of 260 km/sec per minute of arc at a position angle of 47° which is 
almost exactly equal to the observed gradient of 262 km/sec per 
minute of arc obtained from pl ate No ,414 , The measures from plate 
No ,4 15 which is along the minor axis , show no velocity gradient at all . 
5 ,4 Optical Rotation Curve of NGC 5236 
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The results of sections 5 , 2 and 5 , 3 are plotted in fig 5 ,4: 1 as the 
major axis rotation curve of NGC 5236 . Data from plates 1421 and 1483 
are normalised about the optical systemic velocity (495 km/sec) before 
plotting. Since all the velocities taken from the nebula plates 
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s 
referred to the axis of the 1 bar 1 in NGC 5236 , the resulting velocities 
are increased by an average factor of -1 .5 before being plotted in 
fig 5.4:1. The final form of this diagram is rather confusing . 
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Whilst measures from the northern (low velocity) side of the minor 
axis form a relatively well-defined rotation curve with a peak velocity 
at ,._ 375 km/sec and a radius of 165 seconds of arc , the southern 
measures show very little resemblance to a rotation curve at all . Two 
separate distortions are evident in the southern data, (a) a median, 
average type of rotation curve characterized principally by the Ha 
velocity measures and accompanied by both a high velocity branch 
constructed in the main from NII A6584 velocity measures , and a lower 
branch which is a mixture of velocities obtained from each of the lines , 
(b) at a mean radius of -1 25 seconds of arc there is a line of points 
with velocities ranging from 380 to 840 km/sec . It is difficult to 
understand how the first of these peculiarities can arise, and 
especially of how the upper branch, which is com~osed exclusively 
of NII measures, could systematically be .-100 km/s ec higher in 
velocity than the main branch . It should be noted that the northern 
end of the rotation curve does not show this effect at all . The points 
composing the upper branch come from all of the plates which are 
superimposed here and not just from one or two . I find that in general , 
the mean curve obtained from Ha and NII measures is smoother than the 
curve obtained from just a single line . Accordingly, to obtain a 
workable rotation curve , the data has been passed through a five point 
running mean smoothing curve . This is plotted as a row of fine dots 
in fig 5.4: 1. 
The second peculiarity of the rotation curve is apparently only 
due to the region of the galaxy about position 25 . All of the spectra 
used in fig 5 .4: 1 run along a position angle of -218°, and all spectra 
show signs of this velocity disturbance . Thus the plot of data from 
plate 1483 (fig 5 . 2: 2) has a sharp upturn in the vicinity of 100 
seconds . Plate No .41 3 runs through this region, and approximately 
along the spiral arm in a position angle of 136 . 5° E of N. The Ha 
velocities in this plate (see fig 5 . 3: 2) change progressively from 
560 to 420 km/sec along the arm, while the H~ velocities run from 580 
to 440 and the NII velocities from 700 to 380 km/sec . Such a wide 
range of velocities is beyond the scope of any of the image tube 
distortions or of variations from plate errors . As this range 
correlates in space with the completely independent results obtained 
from nebula plates, this velocity distortion is therefore real . 
In looking close ly at the region of NGC 5236 responsible for this 
result, one finds a wing of emission dominating the dust lane marked A 
in fig 5 . 3: 1, and a second more extensive wing of emission in the form 
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of a circular disk centered on the southern end of the 1 bar 1 and extending 
towards the inside edge of the second spiral arm . The overal l radius 
of this bright region is - 2 kpc. It is equally evident on both red 
and blue plates . Perhaps the explanation of these discordant velocities 
from this region of the galaxy lies in some past explosion of a super-
supernova . Westerlund and Mathews on (1966) found signs of large rings 
in the LMC and Hayward (1964) has pointed out rings of diameters up 
to ,_ 3 kpc in several other galaxies . It is worth noting that the 
supernova 1923 (a) erupted in a similar position in the NE spiral arm , 
close to the end of the bar (Lampland, 1936) . 
The total appearance of the southern branch of the rotation curve 
(even after smoothing) is rather different from that seen on the 
northern side of the minor axis . Velocities from the image tube plates 
Nos . 47, 464 and 465 , the last of which is on the major axis , lie 
surprisingly close to the systemic velocity . This effect would be 
even more noticeable if a systemic velocity of 500 or 510 km/sec were 
used . To fit a mean rotation curve to the optical data , these three 
velocities have been i gnored . A Bottlinger- Lohmann function with 
i = 35° , V = 495 km/sec gives VM sin i = 116 ±32 km/sec and 
o ax 
R_ 166 ±24 seconds of arc . 
-~ax= The resulting mass out to the radius 
of the last observed point is 3,9 x 1010M
0 
while the limiting mass 
estimate from this rotation curve is 6.1 x 1010M (both estimates have 
0 
been increased by 10fc, following Brandt , 1960). 
At the centre , the velocity gradient obtained from this curve is 
72 .6 km/sec per minute of arc . This is very much smaller than the 
velocity gradient seen to exist in the nucleus (section 5.3) , which 
over a distance of 15 seconds of arc amounted to 669 km/sec per minute 
of arc . The nucleus must therefore be rotating as a separate body . 
Similar behavior is seen i n the nucleus of M31 (Lallemond et al , 1960) 
and in M32 (Walker , 1962), though in both these cases , the velocity 
gradient across the nucleus is much greater . On optical prints , the 
nucleus is stellar in appearance and is appreciably bluer than the 
surrounding galaxy (Westerlund, Wall and Stokes , 1967 ). 
5,5 Velocities in NGC 253 
2 Burbidge , Burbidge and Prendergast (1962, hereafter BP ) have 
published the results obtained from a number of long slit spectra of 
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NGC 253 , Their spectra along the minor axis are particularly interesting 
here , as they provide an experimental limitation on the kinds of models 
which can be constructed to try and explain the peculiar central 
velocity profile of NGC 253 . The first part of this section is devoted 
to a consideration of the minor axis spectra of B2p and the model which 
they suggest for the central regions . At the end of the section , the 
2 
optical observations of BP are compared with the HI rotation curve 
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which has been approximately corrected for the effects of beam smoothing . 
2 BP have taken three spectra of the minor axis regions of NGC 253 , 
plates Nos. B708 , B71 4 and B717 . These are along the minor axis and at 
angles of 39 1/4° on either side of it . The details are listed in 
Table 5 . 5: I . An annotated copy of the velocity measures as a function 
of the observed radius from the optical centre of the above spectra 
is enclosed as a loose leaf at the back of this volume (fig 5 of B2P) . 
The problems encountered in sections 5 . 2 and 5 . 3 in deriving 
reasonable velocities , are mostly due to the residual uncertainties 
which remain in the zero point of the velocity scale . Provided for 
instance , the velocity of the nucleus is known, all the plates can be 
reconciled to one another by adjusting their velocity scales to coincide . 
In the case of the spectra mentioned above , they all pass through a common 
region , about the adopted optical centre . B2P state that the accuracy 
of determining the central position is -±5 seconds of arc . From the 
HI observations of section 3 . 1 and 3 . 5 it is known that the systemic 
velocity is ,.., 250 ±1 5 lan/sec . This is almost the same as the velocities 
seen in the outer spiral arm segments along the minor axis (spectrum 
No . 714), but is not the velocity of the nuclear regions observed on 
this plate . In normalizing the velocity scales there are therefore two 
options , either (a ) to normalize the velocity derived from the nucleus 
or (b ) to normalize the mean velocity observed from the minor axis 
regions outside the nucleus. I have chosen the second option because 
spectra Nos . B708 and B717 show the existence of large velocity 
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gradients at the centre of the galaxy and since if the first is chosen, 
both sides of the minor axis about the nucleus are redshifted by 82 km/sec . 
This seems implausible . The mean nuclear velocity (as distinct from the 
systemic ve locity) observed on each plate, together with the appropriate 
velocity scale correction is listed in columns 3 and 4 of Table 5 . 5 : I . 
TABLE 5.5: I 
* 
~ v Plate Position Angle V (km/sec) Comment 
B708 00 168 +18 Indications of a 
140 3/4° 
velocity gradient . B7 14 195 
- 9 Along minor axis . 
B7 17 101 1/2° 259 
- 73 Gradient across nucleus . 
* 
2 
cal cul ated from Table 3 of B P by weighting measures from Ha , 
NII , SII in the ratio 2 : 1 : 0 . 5 per observation. 
From this normalisation of the velocity scales, it can be seen 
that the velocity at the nucleus is blueshifted by 82 km/s ec . This i s 
similar to the type of activity noted at the centre of seyfert galaxies 
such as NGC 3227 (RuQin and Ford, 1968), but differs from these other 
observations in the existence of a well defined velocity gradient . 
This is observed best in the spectrum No . B717 . NGC 253 appears to 
have a bar at its centre , which is lying along the minor axis and pointing 
direc tly towards us . All of the observations dis cussed so far can be 
reconciled to a model of the bar , in which gas is streaming along its 
length . The theoretical justification for this type of model has been 
proposed by Freeman (1965 ). 
Let us postulate a model of the form sketched in fig 5 . 5: 1 , in 
which the veloc ity along a set of streamlines is approximately constant, 
NE 
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---'--....--.-----,. I 
I 
I 
-------
1++ -: 
1 I 
SW 
I I 
I / I 
, .,, ~--·-· dust 
------------
~-----' 
"7,, bar cent re 
Fig 5.5:1 Sketch of gas velocities in the bar of NGC 253. 
but varies as a function of the radius from the bar axis . From 
Freeman ' s models , with the NE side of NGC 253 approaching (near side 
is NW) , the gas should flow away from the observer on the SW side of 
the bar and towards the observer on the NE side, Along the bar axis , 
the velocity is zero or equal to the systemic velocity , but the width 
of this region is small . The features are all observed in the measures 
from spectra B708 , B71 4 and B717 . No redshifted velocities are 
observable because the SW side of the bar is mostly occulted by a dust 
cloud . This causes the cutoff in the velocity measures at the NW end 
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of spectrum B717 , and unfortunately spectrum B708 does not continue very 
far into the southern side of the bar . A hint of comparable redshifts 
is seen in the B
2
P figure No . 3 from the Ha measures of plate 713 on the 
SW side of the nucleus . A final check on the applicability of this 
model would be provided by a spectrum parallel to the minor axis , but 
shifted 20 to 30 seconds of arc towards the SW end of NGC 253 , 
It fo lows from the above explanation, that the optical centre 
chosen by B
2
P is displaced by about 15 seconds of arc towards the NE 
end . Likewise , it follows that the systemic velocity of 250 km/sec 
has a small rotational component , and that a more exact value will be 
probably ,_, 260 km/sec , Figure 5 . 5: 2 shows the result of projecting all 
B
2
P measures at the centre of NGC 253 to show the velocity variation as 
a function of distance from the bar axis . 
One result of the order brought to the above observations, is the 
limits it imposes on the HI models of NGC 253 , Since the outer spiral 
arm regions of the minor axis (pl. B71 4, B717) are close to the systemic 
velocity, no models can be constructed which assume large scale expansion 
velocities from the centre . The only alternative proposal which seems 
.oo 
350 1. · 
'."J O . 
m,se c 
0 
0 0 
----
I, ---- --- a--0 
0 
1 S O "· ~ II 
10 0 I • 
N 
00 60 
Fi({ 5.5:2 
.. 
0 
----o 
-------0 0 
6. 6. .6. 
0 0 
~ 
0 
f.) 
6. 
0 
0 I 
6b 0 00 i 
6,A 
0 
0 6. 
A t:,. 6. I 
2 
0 -
--- L::,. 
0 
o O u') o 
- ~-6 l ') 66, 6. 
0 ) ' , 0 0 / 
') .-\ ~-') ') 6. 
0 ~ U 
t,.C- \·", 0 
I 
I 
'' ,", 
oo :r·..) ~o 
J '-' ' ·- v - 0 
6. 0 0 
o o· 6 o ~ }o 
o e o b ,, o 
0 l;. 
t 
0 
00 
0 
"c; ec~ .. c) 
. ' 
4 0 20 0 
/ ·, 
I \ 
\ 
20 
\ 
\ 
. 0 0 
' - ---- ~--
' .0 0.---
0 
0 
0 0 
0 0 
40 
S E 
------, 
-----
0 
Ve l ocity ffcasurcs jn the nucleus of :rec 25 3 pro,jecfrd t o s'10w the 
,"!lc,,ity as a function of di ~ ...... t"J .J from Lhe bar a.xis . The <lotted 
curve ~·ro,,s the ·np.roxj ·1te c 1.;,_:,•s icd cur,e . Points o Ha , 6 111r , o SI L 
------ -----
at all tenable, is the postulated existence of heavy HI absorption in 
front of the observer . To be effective , this has to completely 
blanket the nucleus in a velocity range extending from about +100 to 
+400 km/sec . This is a little difficult to believe in , but might just 
be possible if the outer regions of NGC 253 contained appreciable 
quantities of cold dense HI . Some of the observable consequences of 
this idea are pursued further in Chapter Eight . To simulate to 
some degree, the effect of such a model, I constructed models in which 
no HI signal strength could be observed in regions of the galaxy within 
' ' 2 and 4 of the minor axis . With this stringent condition , a few 
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models of the central profile can be obtained in which the peak velocity 
is shifted by ±75 to ±1 00 km/sec from the systemic velocity . These 
profiles are symmetrical (i.e . have matching high and low velocity 
peaks) when the true centre is used . But if the position of the centre 
is in error by ...... 1 minute of arc, one of these peaks becomes very much 
weaker , an a profile roughly approximating that observed can be obtained . 
I do not have sufficient confidence in the observed velocity profile to 
maintain the reality of this model . Perhaps the above hypothesis is most 
readily tested by looking for HI absorption in the continuum source 
at the centre of NGC 253 . 
Finally fig 5,5: 3 shows the plot of the HI observations after 
correcting for beam smoothing . The continuous curve is the best fit 
Brandt function while the dotted curve is the mean curve formed by the 
optical observations of B2P . 
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CHAPTER SIX 
ORIENTATION AND DISTANCE OF THE GALAXIES 
Introduction 
The mass derived from a rotation curve is approximately proportional 
to the product 2. cosec i where VM and are the velocity and 
radius of the turnover point. In addition to the parameters describing 
the fitted Brandt function , it is necessary to lalow four other parameters 
before the mass can be evaluated . These are (a) the position of the 
rotation centre , (b) the distance to the object, (c) the inclination of 
the plane of the galaxy to the plane of the sky 1 i 1 and (d) the position 
angle (~0 ) of the line of nodes measured as an angle East of North . 
Sections 6 . 1 and 6 . 2 discuss the rotation centre and the distance to 
each of the observed objects respectively, but as the value of i 
depends direGtly on the adopted value of ~o the last two parameters 
are discussed together . It is usual to derive them by assuming that 
each galaxy is circularly symmetric; an assumption which is most 
reasonable when the regions near and beyond the turnover point are used 
as any initial asymmetry in the light , mass or HI distributions is 
expected to break up from the shearing effects of differential rotation 
after a few revolutions . Every method of determining ~o and i 
whether from the symmetry properties of the optical flux (section 6. 3) , 
the HI signal strength ( section 6.4) or the velocity field (section 6. 5) 
has its own peculiar defects . I hope to minimize the effect of errors 
in ~o and ion the final mass by combining the results obtained from 
all the methods . This is done in section 6.7. 
6 . 1 Rotation Centre 
The rotation centre is defined as the point in the plane of the 
galaxy about which the velocity field is symmetric . When the observed 
motions in a galaxy are due wholly to rotation, this position is well 
defined and readily located . However there are a number of galaxies 
with asymmetric rotation curves (i. e . where the rotation curves defined 
by the data from each side of the minor axis are significantly different) , 
in which it is difficult to determine an unambiguous position for the 
rotation centre . A majority of the ordinary spiral galaxies which are 
not classified by de Vaucouleurs (1963) as SB(s)m - Irr are observed 
to have moderately symmetrical rotation curves . The rotation centres 
in these galaxies usually coincide with the nucleus when it exists , or 
with the centre of the brightest optical feature such as a bar , since 
this is the position about which the galaxy in general shows the most 
symmetry at optical wavelengths . It thus seems reasonable to try to 
use the opt ical centre as the rotation centre for those galaxies with 
apparently asymmetrical rotation curves. 
The position of the optical centre may be in error from either 
(1) the distorting effects of heavy absorption near the nucleus , (2) the 
genuine offset of the nucleus or bar centre from the rotation centre , 
or (3) from catalogue errors in the position of the centre . The first 
of these options is noted in the literature as occurring in the 
observations of IC 10 and NGC 1808, while the second occurs in the 
magellanic type irregular systems (de Vaucouleurs et al, 1968a) . In 
either of these circumstances the rotation centre is determined from 
optical observations as the symmetry point of the major axis rotation 
curve . As there are so few HI observations near the centres of NGC 45, 
247 and 253 , and since the velocity gradient is large in its vicinity, 
the best procedure to use in attempting to locate the true rotation 
centre, when this is thought to differ from the optical centre , is to 
plot the data in the form of a rotation curve. A series of curves with 
different trial and error centres soon shows up the plausible range 
of centres . Those giving the least scatter about the mean curve are 
then evaluated quantitatively by fitting a Brandt function . 
With the exception of NGC 247 the errors to be expected from 
options (1) and ( 2 ) above in the galaxies studied here are less than 
0 . 25 minutes of arc . As the resolution of the optical observations is 
far greater than t hat available from 21 cm observations , I am reluctant 
to use a rotation centre which differs from the optical centre unless 
there are some grounds to expect an error in the catalogued position , 
or unless there is a considerable improvement in the ease of fitting 
the whole velocity field with a single Brandt function . I n the 
f ollowing paragraphs the identification of the optical centre with the 
rotation centre is checked for NGC 247 , 45 and 253 . There is only 
sufficient r eason for adopting the radio centre in preference to the 
catalogued optical centre in the case of NGC 247. 
(a) NGC 247: A radio centre at a(1950 . o) = Oh44m37s , &(1 950 . 0) = - 21 °00:1 
has been located using the techniques discussed above . It is displaced 
I 
1 . 7 North along the major axis from the catalogue position of the optical 
( ) h m s centre due to Glanfield and Cameron (1967) at a 1950 . 0 = 0 44 39 , 
0 I 
0(1950 . 0) = - 21 01 . 8 . In choosing the radio centre as the preferred 
rotation centre, the errors in fitting the velocity field of the whole 
of NGC 247 with a single rotation curve are reduced by "' 7CP/o from those 
incurred by using the catalogue centre . Table 6 . 1:I shows that the 
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TABLE 6 . 1: I 
Comparison of fits with radio and optical centres . The latter are bracketed under the equivalent number for the radio fit . 
2 Side n V 
~ax a (ext) Max 
Following 3 96 ±27 13 , 8±1 . 6 o. 6432 
(93 ±75 ) ( 15 . 1 ±5 . O) (4 . 04) 
Preceding 3 91 ±36 14. 6±2. 5 0 . 7002 
( 91 ±38) (16 . 8±3 ,4) (0 . 5739) 
Following 1 , 5 94 ,4±46 12 .4±2 . 7 0. 6653 
(90 . 0±126) (15 . 0±9 . 0) (3 , 97) 
Preceding 1 • 5 89 . 0±63 14, 5±4 ,8 0 . 7180 
(88 . 0±62) (18 , 9±6 . 6) (0 . 53) 
principal fact or behind this result is the poor fit resulting from the 
use of the catalogue centre wit~ the data from the Northern side of 
the galaxy . The similarity in the quality of the fit to the data from 
both the Northern and Southern sides of the galaxy when using the radio 
centre is a strong indication of its superiority . In addition it 
should be noted that the coordinates of the turnover point(~, VM) 
derived from each side are the same within the fitting errors . The 
implications of the adoption of this rotation centre have already been 
discussed in section 3 .4. 
(b) NGC 45 : Listed in Table 3 . 3: I are the Brandt function parameters 
fitted to the preceding and following sides of NGC 45 . These fits 
adopt the Glanfield and Cameron (1 967 ) position of the optical centre , 
and are made using the data within 6~ = ±30° of the major axis . The 
quality of the fit to the two ends is rather differ ent ; the preceding 
end has a
2(ext ) = 0 . 29 for n = 3 while the following end has a2(ext) = 
0 . 78 . If this is not due to random error, it might be expected by 
analogy with the situation just described for NGC 247 that the rotation 
centre is displaced slightly from the optical centre . This would 
1 
probably not exceed "' 1/2 . A shift of this size is more likely to be 
due to a catalogue error than to a di screpancy in the identification of 
the optical with the rotation centre . 
Using the data of Table 3 . 3: I the difference in t he radii of the 
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1 
turnover points (6~ = 0 . 24 ) and in their velocities (6VM = 2 . 6 km/sec) 
is small for n = 3 (the Brandt function giving the best fit) . Fits 
made to more of the data (e . g . 6¢ = ±30° of the major axis) do not 
preserve the apparent symmetry of the above rotation curves, though the 
discrepancies are within the combined standard errors. As i = 55° I 
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think it is reasonable t o use only that portion of the data which is 
close to the major axis . The projection factors for the off-axis points 
are large and since the galaxy is about the same size as the beam, the 
effects of beamsmoothing are severe. Neither of these factors should 
introduce the asymmetry found by broadening 6~ . While this is probably 
due to statistical error , if it is in fact real , it suggests that there 
is either an error in the adopted value of~ or there are non-circular 
0 
motions in the plane of the galaxy. Since the value of~ 
0 determined 
for NGC 45 in sections 6. 3, 6.4 and 6.5 all agree within their standard 
errors it is unlikely that the first of these options applies. 
Non- circular motions are however observed in both NGC 300 and 5236, and 
would not be so surprising in NGC 45. At present there is insufficient 
data to confirm the hypothesis . 
(c) NGC 253: On most survey plates the central region of NGC 253 is 
overexposed . This has made the checking of the catalogue position 
difficult, e . g . Glanfield and Cameron (1967). An overlay of the bright 
I 
stars within a field of ±15 of NGC 253, taken from the Cordoba 
Resultados, suggest that the catalogue position is accurate to better 
than ±15 seconds of arc with respect to these stars. As with NGC 45 
and 247 above, there is an appreciable discrepancy in the quality of 
the fit made to the data from each side of the minor axis . The 
preceding side has cr2(ext ) = 13 . 05 while the following has cr2(ext ) = 7. 78 . 
Though this suggests an appreciable error in the position of the rotation 
centre in the other galaxies , much of the fitting error in this instance 
is due to the inability of a Brandt function to reproduce the changes 
of rotation velocity with radius observed in fig 3.5:3. Tests made using 
alternative rotation centres failed to locate any that gave better results . 
The catalogue centre is therefore adopted . 
6 . 2 Distances to NGC 5236 an~ Sculptor Group 
A distance of 3 . 25 ± . 20 Mpc has been found by Tammann and Sandage 
(1968 ) for NGC 2403 , a member of the M81 Group . This distance is 
determined using the light curves of cepheids, the brightest resolved 
stars , the brightest red and blue irregular variables and the angular 
size of the largest and mean of the five largest HII regions . All of 
these indicators calibrated from our own and other Local Group galaxies 
give similar results , thus suggesting that each indicator can be used 
if necessary on its own . 
(i ) Sculptor Group : Sersic (1960) has published the mean angular size 
on blue plates of the three largest HII regions (q") for most members 
of the M81 and Scuptor groups . The mean value of this parameter (q 11 ) 
over the five (S c-Irr) members of each group is 10 . 9" and 11 . 8" 
respectively, thereby implying a distance t o the Sculptor Group of 
3 . 25 x (10 . 9/11 . 8)=3 .D. Mpc. This i s appreciably bigger than the usual 
estimate of 2 .4 Mpc . If the dwarf Sc galaxies Holl and NGC 7793 are 
omitted in calculating the above means , the distance is reduced slightly 
to 2 . 9 Mpc . Other estimates of the distance modulus can be obtained by 
comparing members of the group with similar galaxies at known distances . 
(a) Ap parent Diameter: de Vauoouleurs (1959 ) compared the mean corrected 
fac e on diameter from the five brightest members of the group with the 
similar diameter from the five largest members in a randomly selected 
sample of seven Sc , Sd and Sm galaxies in the Virgo cluster . Assuming 
the linear diameters to be the same and using Sandage 1 s (1968) 
determination of the distance modulus , the Sculptor modulus is 
30 . 85 - 5 log(12 1 0/3 •4) = 28 . 05 or 4. 1 Mpc . 
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TABLE 6. 2: I 
Galaxy 1 8 2 m 3 l::.V 6 V Mass q 
NGC 0 
x1o10~ ( II) * Ian/sec km/sec 
24 595 7 1 • 6 33 
45 459 2 . 0 19 . 0 39 
55 130 4 4 . 3 12 . 0 18 
- 34 
247 155 7 . 0 13 . 2 19 . 2 27 
253 250 23 . 1 13 . 8 18 . 3 7 
300 145 5 5 . 3 13 . 2 18 . 2 
- 50 
7793 (192) 6 4 . 9 6 . 9 18 . 2 6 
Mean 11.8 18 . 5±. 2(p . e . ) 
1 corrected to sun 2 Sersic (1960 ) 
3 de Vaucouleurs (1959) 4 Robinson et al (1966 ) 
5 
7 
Shobbrook et al (1967) 6 B.G.C. 
de Vaucoul eurs and 8 Table 7.4: 1 
de Vauc ouleurs (1967) 
TABLE 6 . 2: II 
Distance Estimates for the Scul2tor Grou:e 
HII regions (mean 5) 
( mean 4) 
Apparent Diameters 
Brightest Star 
Similarity of NGC 300 and M33 
Adopted 
(a) reduced diameters 
( b) brightest star 
( c ) relative star counts 
3. 0 Mpc 
2 . 9 Mpc 
4 . 1 Mpc 
3 . 3 Mpc 
2 . 5 Mpc 
3 . 5 Mpc 
2 .5 Mpc 
3 . 0 Mpc 
V 
corr 
Ian/sec 
628 
498 
96 
182 
257 
95 
198 
231 
(b) Brightest Resolved Star: Rough estimates of the apparent magnitude 
of the brightest resolved star in each cluster member were compi1ed by 
de Vaucouleurs (1959). The mean is 18.5. This value has to be treated 
cautiously since a bright stellar association or HII region can be 
mistaken for a star and the magnitude scale is extremely uncertain . 
Sandage (1962) gives M = -9.3 ±.2 as the absolute calibration of the 
m brightest star, which after allowing for 0 . 2 of absorption at the 
South Galactic Pole gives (m-M) = 18.3 - (-9 . 3) = 27.6 or 3 . 3 Mpc . 
0 
(c) Similarity of NGC 300 and M33 : These galaxies are very similar in 
scale size, morphological type and stellar content . If they are assumed 
to be identical, the distance may be estimated in the following ways . 
I . The reduced face on corrected diameters of NGC 300 and M33 on the 
same system are 17 1 and 59 ' respectively, which on the assumption of 
identical linear size gives NGC 300 a modulus of 24. 3 + 5 log (59/17) 
27 . 0 or 2 . 5 Mpc . 
II . The difference in apparent magnitude of the brightest resolved star 
in each galaxy is 6m = 18.2 -14. 8 = 3 .4m, thereby implying a modulus 
for NGC 300 of (m - M) ~ 27 . 7 or a distance of 3 . 5 Mpc . 0 
III. Finally de Vauc ouleurs (1962) has counted the number of stars with 
> 
m"' 20 in NGC 300 and found the equivalent number in M33 at m::::; 17 . 3 . 
The 2. 7m difference in these levels is probably underestimated as M33 
is at a lower galactic latitude, has a greater inclination angle and 
an appreciably smaller HI content. All of these factors are liable to 
result in an underestimate. The resulting distance modulus of 27 .0 is 
therefore a lower limit to the distance. 
The various distance estimates are gathered together in Table 6 . 2: II . 
I give more weight to the distance determined from the angular size of 
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HII regions than to the sum of all the other estimates. These latter 
have a fairly even scatter about the adopted distance for the Sculptor 
Group of 3.0 Mpc. 
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It is interesting to compare this with the distance determined from 
the group systemic velocity. This is derived using the systemic 
velocities of individual members obtained from HI rotation curves and 
corrected to the sun that are listed incolumntwo of Table 6 . 2: I . 
After applying the corrections in column six (taken from B. G. c .) for 
the effects of galactic rotation, the systemic velocity of the mass 
centroid is V = 231 km/sec. Using a Hubble Constant of 75 km/sec/Mpc, 0 
the resulting distance is 3.1 Mpc . This evaluation is given no weight 
at all in the above di stance determination since de Vaucouleurs et al 
(1968) has shown the probable existence of rotation in the local 
supercluster. 
The group is so Glose that it occupies an area of 20° x 20° 
(equivalent to 1 x 1 Mpc). Its depth along the line of sight could be 
as much as 1 Mpc . 
(ii) Distance to NGC 5236: On the grounds of similarity of position , 
magnitude and systemic velocity de Vaucouleurs (1968a) places this 
galaxy in the NGC 5128 Group at a distance of 4 Mpc . On Van den Bergh ' s 
(1960) luminosity system I classify NGC 5236 as ScI - SBcI , thereby 
implying an absolute magnitude of"' - 20 .0. The B. G.C. lists a corrected 
magnitude of 8.56, which after increasing the distance scale by the 13% 
advocated by Sandage (1962) gives a distance of 5 .8 Mpc . 
The distance estimates from the angular size of HII regions are 
II 
conflicting in this case. Sersic (1960a) gives q = 8 .1 for NGC 5236, 
which with the calibration from the M81 Group used above is equivalent 
to 3 .9 Mpc. This small distance estimate is due to the inclusion of 
q from Holl in evaluating the mean size of an Hil region in the M81 
Group. If the size of q is partly a function of galaxy type, a 
comparison of the values of q from NGC 5236, NGC 253 and NGC 2403 
removes the effect as NGC 253 is an earlier type and NGC 2403 is later 
than NGC 5236 . A mean distance of 5 .3 Mpc is obtained from the 
comparison shown in Table 6.2:llI. 
TABLE 6 . 2:III 
Galaxy NGC 253 NGC 5236 NGC 2403 
Type Sb+ SABc Sc+ 
Distance 3.0 (5.3) 3 . 25 
II II II q 13.8 8 .1 13.8 
Dist. M83(6 ) 5.1 < 6 < 5 . 5 
Sandage (1968a) measures the largest HII region from a plate taken 
behind an Ha interference filter as 811 • The corresponding distance 
from his calibration of the system is 6.3 ±.5 Mpc. I adopt a distance 
of 5 Mpc as a compromise value of all these determinations, though it 
is possible that this underestimates the true distance by up to 1 Mpc . 
Optical Estimates of p, · i 
0 
If the large scale structure of a spiral galaxy can be represented 
by an axisymmetric spheroid with the nucleus at the centre, then the 
underlying symmetry should be most obvious in the outer parts, beyond 
the confusing effects of the spiral arms. When there is no absorption 
present in the source itself, we observe the projection of this spheroid 
on the plane of the sky as an elliptical figure, from which ~ , i are 
0 
readily estimated . The major axis of the elliptical isophotes coincides 
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with the line of nodes and i i~ given by 
where b 
a 
2 
cos i b 2 (a) obs 2 / 2 p 1 - p p = C ~.2 
a 
is the observed minor to major axis ratio and p is the 
ratio of axes expected if the spheroid is seen edge on . 
Whilst the most rel i able means of judging the shape of the outer 
parts of a galaxy is the use of isophotes reaching beyond the spiral 
structure , these are often influenced by bri~ht foreground stars and 
variations in the plate background , and are only available for a few 
galaxies . Most estimates of cp 
0 and i have had to rely on the 
observer ' s judgement in tracing the limiting extent of galaxies on 
direct plates . These estimates are so strongly influenced by the shape 
of the spiral structure , when present, that the resulting values of cp
0 
are often a function of the f ratio used . Whenever i > 60° the 
elongation is sufficiently marked that definitive values of cp
0 
are 
possible, and the observed ratio of(-;:) defines i to"' ±5°. There 
are known exceptions to this principle though, since Holmberg (1958) 
found that the brighter regions of NGC 4594 definitely indicat e a large 
value of i while the limiting axial ratio is 0.9 . 
Danver (1942) studied prints of 202 galaxies to derive values 
of cp and i. 
0 Three of t hose with 
< 0 
i- 50 have recently been observed 
at 21 cm . The values of cp determined by Danver are compared in 0 
Table 6 . 3: I with those derived from the kinematic properties of the 
system by the methods described in section 6.5. Differences of the 
order of 40° are evident in this table ; they pose a serious problem in 
deriving realistic masses . Tabl e 6 . 3: II lists the various estimates 
of cp and i obtained by different observers from the inspection of 0 
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TABLE 6. 2: II 
Galaxy 0 .0 Reference cp 0 l 
45 135 50 Rogstad et al (1967) 
145 54 Mean (§6 . 3) 
145 58 Limit(§6 , 3) 
47 B.G.C, 
247 171 , 5 75 Danver (1942) 
72 ,5 B.G.C. 
72 Holmberg (1958) 
70 . 5 Mean (§6 . 3) 
68 Limit(§6 . 3) 
253 54 79 Danver ( 1942) 
80 B.G.C. 
51 78 Burbidge et al ( 1962 ) 
74 Mean (§6 ,3) 
71 Limit(§6 ,3) 
300 111 • 5 40 Danver (1942) 
109 46 B.G.C. 
109 42,5 de Vaucouleurs ( 1962) 
5236 45 46 Danver (1942) 
140 "'45 Van Damme' ( 1 964 ) 
(oo) ,.., .. -20 Mean (§6 . 3) 
27 . 5 B.G.C. 
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plates. Only NGC 300 has been studied photometrically. It is discussed 
in detail in section 6.6. 
TABLE 6.3: I 
Galaxy i(Danver) cp (Danver) cp (kinematic) Ref 0 0 
NGC 300 47 111.5 139 § 6.5 
NGC 5236 35 45 0 § 6 .5 
NGC 6946 31 52 70 Gordon et al 1968 
65 Rogstadt et al 1967 
The axial ·ratios of NGC 45, 247 and 253 have been measured from 
microphotometer tracings of the density on 103aD + GG14 Uppsala Schmidt 
plates. These are so much bigger than the galaxy centered on each plate, 
that there is no variation 
vignetting of stray light. 
of background intensity due to 
b Measures of(-) are therefore 
a 
the partial 
made at a 
series of constant density increments over the background. As the 
ratio(.£) varies with radius, I quote both the inclination derived a 
from the limiting diameters and from the mean of all measures made in 
the outer parts of each galaxy. 
Similar measurements were made on two Uppsala Schmidt plates of 
NGC 5236 which were kindly lent by K. Freeman. A mean ratio l = 0.94 
a 
is obtained from a blue plate [IIaO ~ GG13] using the radio position 
of the major axis, but a red plate [ 103aU + RG8] gives .Q 
a 
1 . 04. 
The discrepancy in these two measures precludes the use of either in 
determining the inclination. The measures simply confirm the low 
inclination of NGC 5236 . 
6. 4 ~ and i from the Integrated Antenna. Temperature 
The integrated antenna temperature contours (fig 2.1: 1a - d) are 
formally equivalent to the diagrams that show the isophotometry of 
galaxies at optical wavelengths. Then making the same assumption that 
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the HI distribut ion i s circularly symmetric in its own plane enables~ 
0 
and i t o be determined by the same methods as those discussed in the 
previous section . This s ection shows that the resulting values of ~o 
are consistent with the resul ts of other methods in most cases , but that 
the value of i is affected by beam smoothing and is only approximately 
determined after correcting f or beam smoothing. 
The HI distribution has the advantage over optical distributions 
of being observed over a region which is more than twice as big as the 
limiting optical size . It thus reaches beyond the local irregularities 
exemplified by the spiral arms . In addition for i < 60° , the HI signal 
is not significantly attenuated in its passage through the galaxy ' s 
disk . ~o is estimated from the contour diagrams (fig 2 . 1: 1a to d) by 
finding the position angle of the longest diameter of each of the four 
outermost contours . The mean of these values is listed in Table 6. 4 : I 
with an estimated error . 
A lower limit can be f ound f or the value of i from the measured 
axial ratio (E-). This is made more realistic by deconvolving the 
a 
observed temperatures TA(x , y ) with the gaussian beam 
A(8 , ~) •••••• (6 . 4 : 1) 
and approximating TA (x , y ) with a two dimensional gaussian distribution 
T exp { ~ ~ ex: + { J } ( 6.4: 2) 
a , o CJ 
aa b 
TA(x , y ) J Ta (x , y ) d\! 
where .;_···and [ are taken a l ong the major and minor axes . Following 
the notation of sections 2 . 3 and 4. 1 the relation between the antenna 
and brightness temperatures is 
T (x , y ) 
a 
= .l2 J A(8 ,~ )Tb(x- 8 , y-~ )d8d~ A c •••.•• ( 2. 3: 3) 
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This may be rewritten in a form which isolates the brightness temperature 
Tb(x , y) by using the two dimensional convolution theorem:-
Tb (x, y) = Ta (x , y)/ A ( e ,cp) 
where the bar designates a Fourier Transform . We obtain the brightness 
temperature by taking the Fourier Transform of this relation to get 
2 2 
T exp - { x + Y } 
a,o 2(cr2-t2) 2(cr2-t2) 
a b 
••••• (6 .4: 3) 
It should be emphasized that this function is only a gaussian 
approximation with similar geometry to the real distribution ; the true 
functional form of Tb may be rather different . As the scale size of 
the fitted gaussian is characterised by the half widths cra , ob , the 
corrected value of i is estimated from the relation 
2 2 
- r:2 2. ob (£) cos 1. = 2 i2 ..... (6 .4:4) a corr a 
a 
These values of i are listed in Table 6 .4: I. 
TABLE 6.4: I 
.o I I ob 
cp 0 1. 0 ' ob arcos(-) 0 a a 
a 
45 125 ±15 .,. 
247 166 ± 5 730 9 . 0 ±.4 6 . 5 ±. 3 44° 
253 53 . 5± 5 10 . 6 ±. 9 5 .4 ±. 2 59° 
300 149 ± 3 48° 13 . 3 ±. 2 9 . 9 ±. 2 42° 
5236 7 ±10 58° 16 . 6 ± . 7 10 . 2 ± . 9 52° 
The estimates of i for NGC 247 and 300 are good but the estimate 
for NGC 5236 is surprisingly large if the inclination is really ;::;: 35° . 
Stretching the standard errors listed in Table 6 .4: I by one cr gives a 
value of i = 51° . Likewise NGC 253 is fitted with a gaussian on its 
I 
minor axis which is smaller than the beam half width of 6 . 16 . Probably 
the uncertainty in defining the base lines of velocity profiles at the 
centre of NGC 253 is responsible for this result which prevents the 
evaluation of i . No fit is made to the data of NGC 45, as its data 
are not sufficiently accurate . 
6 . 5 Estimation of ~o and i from the Velocity Field 
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Starting values of~ and i are required before a Brandt function 
0 
can be fitted to the velocity field . By making a series of least 
square fits to the data and increasing~ or i by some increment 
0 
each time enables the optimum values of both parameters to be determined. 
These are the values presented in Table 6 . 5:I . In solving for ~o and i 
in this way there is a basic assumption that the velocity field is due 
almost entirely to rotation . This differs from the assumption 
underlying sections 6 . 3 and 6 . 4 in that these sections only require a 
large scale circular symmetry in the motions. Since the estimates of rn TO 
and i from the velocity field occasionally differ from the results of 
the conventional methods (e .g . Tables 6 . 3:I and II), it is necessary to 
examine this method carefully . I trust the estimates listed in Table 
6 . 5:I more than those of the other methods whenever i < 60° . 
In their studies of NGC 1068, 1097 and 1365 for example, the 
Burbidges (1959, 1960) set a precedent for the use of the velocity 
field in determining the position angle of the major axis . They assume 
that there are only circular 
that the direction in which 
motions in the plane of the galaxy and hence 
dV 
rot ., obs . is a maximum is along the line dr 
of nodes . This is a suitable criterion to use when the bulk of the data 
is close to the centre and the velocity gradient is large, but with 
21 cm observations most of the data are near or at greater distances 
than the turnover point . An examination of the velocity contours over 
NGC 5236 (fig 3 . 6: 3) and NGC 300 (fig 6 ; Shobbrook and Robinson 1967) 
shows that the direction giving a maximum velocity gradient varies 
appreciably with radius in the inner parts of each system and is rather 
insensitive to both r and~ near the turnover regions . A suitable 
criterion to use here , is the kinematic axis , defined as the position 
angle satisfying equation 6 . 5: 1 best at all radii . 
dV b (r) 0 S 0 ......... (6 . 5:1) 
d~ 
Vb (r) is given by equation 3 . ~: 3. When rewritten in the notation of 0 S 
equation 3 . 2:4 we get 
V b (r) = V + ~ (r) cos(~ 
~ ) + e (r) sin(~ - ~) 0 S 0 0 0 
This is differentiated with respect to ( ~ - ~ ) to give 0 
(~ - ~o) = arcta{ :t~~ J = 6~(r) ......... (6 . 5: 2) 
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where 6~ is the error made in assuming that the kinematic axis is 
identical to the major axis in the presence of systematic radial motions . 
The condition for the coincidence of the two axes is that 8 (r) = O 
for all r . 
In general the principal difference between the present method and 
the more conventional ones should be due to a radially symmetric 
expansion term , as any other type of large scale motion in the plane is 
bound to disturb the postulated circular symmetry of the light or HI 
distribution . Attempts at isolating radial expansion terms with the 
form e (r) - rn a r m = 1 , 2 ............ (6 . 5: 3) 
have not been successful in NGC 300 and 5236 , or in M31 (Roberts 1966) , 
NGC 4631 (Roberts 1968a) or in NGC 6946 (Gordon et al 1968) . There are 
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however systematic non-circular motions present in most of the galaxies, 
which appear to perturb the velocity field most in the vicinity of the 
nucleus. If these follow the form of equation 6 . 5: 3 with m ""'2 their 
effect near the turnover region is small . In our own Galaxy e (r) 
0 
is at most 10 km/sec . This only leads to an error in rn 
TO 
Similarly in NGC 5236 the error incurred in the determination of rn 
TO 
0 without correcting for rotation about the barycentre is only 3 . 
Fitting a Brandt Function . In fitting a rotation curve to the velocity 
field , El (r) is assumed to be zero at all radii . The fit has been 
made following the precepts described by Demming (1942) and allowing for 
errors in p, ¢ and Vobs · The corresponding standard errors of these 
parameters are 2 
ap = 2 ', a¢= p and aVobs = 10 or 15 Ian/sec . After 
converting from (p,¢) to the coordinates (r , q:i ) in the plane of the 
galaxy, the standard errors of r and q:> are given by equations 6 . 5 : 4 
and 6. 5 : 5 
2 
a 
r 
a 
q:> 
[(1+sin2ef tan2i)2 + sin2i tan4i]a2 
p 
[1 + sin2¢ tan2i] 
2 2 
cos q:> sec ¢ sec i a 
...... (6 . 5:4 ) 
... ... (6 . 5: 5) 
By using this full treatment of the errors , the solutions are found to 
be sensitive to q:> and i, and give a definite minimum in the sum of 
0 
the squared residuals . To a considerable extent, the above treatment 
allows for the uncertainties caused by beam smoothing, though it can 
not of course correct for them . It is worth noting though that the 
errors to be expected from measuring the peak velocities of profiles 
are symmetrical about the true major and minor axes for any reasonable 
HI distribution. The influence of these errors is such that it 
minimizes the deviation of the kinematic axis from the major axis, and 
is probably in part responsible for the excellent values of ~ obtained 
0 
in this way . 
Estimation of ~o To gain the maximum benefit from the structure of 
the velocity field it is best to determine~ from all the data 
0 
within "' 60° to 80° of the major axis . In most cases the treatment of 
the data from each end separately gives an estimate of ~o which is 
close to the one obtained using all the data in a single solution . The 
resulting values of~ pass through the turnover point regions of the 0 
contour maps of observed velocity over the galaxy . Thus the above 
procedure has approximately determined the weighted value of 
dVobs(~) 
satisfying the condition 
~o 
dr o. These values are listed in 
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Table 6 . 5:I . They agree well with the values of ~o obtained in section 
6 .4 , and with those of section 6 . 3 when the galaxies have large 
inclinations ( > 50°). 
TABLE 6 . ,2 : I 
~ 0 .o l 0 
45 145 55 
247 170 68 
253 50 73 
5236 * 0 35 
* Fitted to the data without correcting for rotation about the 
barycentre . 
Estimation of i . All of the galaxies listed in Table 6 . 5 : I, with the 
exception of NGC 247, show definite minima in the plot of a2(ext) 
against i . . 2( ) These plots exhibit a more rapid rate of increase of a ext 
as i is increased above the optimum value than when it is decreased 
below it . This is a reflection of the effect noted in section 4. 3, 
where the difference between the peak velocity and characteristic 
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velocity of the off- axis profiles is generally larger than that observed 
at an equivalent distance from the minor axis on the major axis . 
Consequently the reduction in the correction factor for deprojecting 
the observed radius to the major axis incurred by reducing i below its 
true value , acts to compensate for the distortions caused by beam 
smoothing . It is therefore probable that the values of i determined 
from the velocity field are low by a few degrees . Column 3 of Table 
6 . 5 : I lists the values obtained by minimizing a2 (ext). 
Where sin i is large and changing slowly with i it is instructive 
to plot M(i) defined as 
against inclination . 
M(i ) 
M(i) is proportional to 
2 i· cosec 
the mass which is derived 
from a fitted rotation curve . It is plotted in fig 6. 5:1 together with 
VM(i), ~(i) and a2(ext) for NGC 247, and is seen to have a broad 
minimum centred on i 68° in a region of the graph where a2(ext) 
has an appreciable slope . I judge the inclination in this case to 
0 be "' 68. 
6 . 6 NGC 300 
Of the three galaxies listed in Table 6 . 3:I as cases where 
I~ (optical)-~ (HI) I...., 30° , NGC 300 is the only object for which 0 0 
isophotometry has been published . A closer examination of this work 
shows the problems which arise in defining the orientation parameters 
with optical methods when i < 65° . 
Optical Observations . de Vaucouleurs (1962) has published the 
isophotometry of 103a- O plates and found (1) that the nucleus of NGC 300 
is displaced by 1 1 to 2 ' from the centre of the two outermost isophotes , 
( 2) that 80 to 9afo of the blue light drops of exponentially with radius, 
16 
154 
50 
or - Fig 6.5: 1 
22 
100 
-
60 70 
. 
I 
Plot of sensitivity of· o2( ~~t ), V.M , R. and M(i ) as ax -Ma.x 
a function of inclination. 
Mei> 
RM 
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(3) assuming trailing spiral arms and the HI velocity field, the near 
side is SW at~"' 229° . (4) Assuming the radio major axis is at~ = 1390, 
0 
then the near side on the minor axis has up to - . 6m of absorption 
relative to the far side . This is shown in Table 6 . 6: I . 
Effect of absorption . It is easy to construct a model showing the 
asymmetry of the light distribution along the minor axis in the presence 
of a uniform opacity which is confined to the plane of the galaxy. Thus 
postulating a luminosity function in the space of the galaxy of the 
form 
L (x, z) L 2 m::; 1 Y, = exp - 5m 0 
L (x, Y, z) 0 m> 1 
2 2 2 2 z m X + y +-2 
C 
defines a sequence of concentric spheroids with a fairly rapid decrease 
of intensity and an approximately exponential decrease of line of sight 
luminosity with radius . A section through the spheroid along the minor 
axis (y = o) is shown in fig 6 . 6:1. In the absence of absorption, the 
intensities seen at± x are equal; with absorption this is no longer 
true when the spheroid ' s plane is inclined to the line of sight. With 
a constant opacity T confined to the plane of the spheroid , the 
intensity on the near and far sides is 
where 
and 
~(-x) 
~(+x) 
.e 1 
.e 2 
= ( 
= ~ 
L(+x, z)dz = ~ 
L(+x, z)dz = ~ 
TABLE 6. 6: I 
Asymmetry in the optical isophotes of NGC 300 
a l ong the minor axis 
Radi us Intensity Intensitl L'im b1 Near (.:p=229°) Far (cp=49 ) (mag . ) 
7 . 1 
. 054 
. 096 
. 63 
6 . 7 
. 063 
.105 
. 55 
6. 2 
. 074 
. 118 
. 50 
5 . 8 
. 089 
. 132 
.43 
5 . 4 • 107 
. 150 
. 35 
5 . 0 
. 132 
. 166 
. 25 
4 . 6 
. 170 
. 191 
. 13 
4 . 2 
. 224 
. 229 
. 03 
3. 7 . 282 
. 263 
- . 08 
3. 3 
. 339 
. 309 
- . 10 
2. 9 
.417 
. 363 
- . 15 
2 . 5 
.490 
. 427 
- . 13 
2 .'1 
. 550 
. 501 
- . 10 
fig 6 . 6: 1 
B 
- x 
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Obviously as the paths through the two halves of the spheroid become 
more unequal at greater values of x, the asymmetry inherent in these 
equations increases . Thus in the presence of a planar absorption sheet, 
the optical image of a galaxy appears to be spheroidal, with the 
smallest semi- axis along the near side . The semi- major axes are equal 
if the galaxy is circularly symmetric . These properties are all 
observed when~ 
0 
0 
= 139 . 
However the observed ratio (2bFa~(a1 + a2))~ =1390 is greater 0 
than one . This ratio cannot be explained with the above model assuming 
circular asymmetry, as b ';;; a cosi < a , and would be difficult to 
explain if it could be assumed that the far edge is bent up to effectively 
decrease the value of i. As the ratio denoted above persists for any 
choice of major axis, this observation suggests that either (1) the 
assumption of circular asymmetry is unrealistic or (2) the photometry 
I 
is unreliable at radii >"' 4 . The first of these suggestions is 
partially answered by looking at de Vaucouleurs 1 (1959a) photometry of 
M33 . Along the minor axis within the observing errors M33 is almost 
symmetrical at most radii. If there is any correlation be tween the 
m presence of HI and dust, one would not expect to observe more than 0 . 2 
of absorption in M33 . A programme is planned to check on the reality 
of absorption on the near side , by comparing a blue and an infrared 
plate . This shquld also check the hypothesis of circular symmetry in 
the galaxy plane to better than 0 . 2m. 
6 . 7 Conclusions 
Table 6. 7: I lists the best estimates of~ from each of the 
0 
foregoing sections . It shows that ~
0
(TA) is always closely equal to 
~ (velocity field ) and except for NGC 300 and NGC 5236 is also equal 0 
to ~0 (optical) . Since the errors of each method are rather different, 
this measure of agreement seems to indicate the soundness of the two 
HI techniques in general • . A comparison of this kind tacitly assumes 
that all methods are observing the same geometry of the source . There 
are a number of galaxies such as NGC 3368 and 47 36 which seem to have 
two planes of symmetry. The innermost of these is far brighter than 
the outer and has both a different inclination and a different line 
of nodes, If this happened with any of the galaxies discussed here , 
the HI observations would refer predominantly to the outermost plane 
while the optical observations might only refer to the inner . 
TABLE 6.7:I 
~ (opt) 
~o(TA) ~ (kinematic) ~ (use) i(use) Cii 0 0 0 
45 145 125 ±15 145 ±5 145 55° ±3 
247 171 .5 166 ±5 170 ±5 171 68 ±5 
253 51 , 54 53 . 5±5 50 ±10 51 73 +7 
- 3 
300 109 149 ±3 139 ±5 139 50 +5 
- 10 
5236 45 ,140 7 ±10 O ±3 0 35 ±10 
A model of this kind would explain the divergence between 
~ (optical) and~ (TA) or~ (velocity field) for NGC 300, as well as 0 0 0 
giving a reason for the twist observed in the velocity field out to a 
I 
radius of 15 .There are no signs of a second plane in the optical 
structure of the galaxy. Furthermore a Bottlinger-Lohmann function 
fitted separately to the data from the preceding and following ends 
(read from the original diagrams for figs 1(a) and 1(b) of Shobbrook 
and Robinson 1967) using the optical major axis have a degee of 
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asymmetry which depends on the amount of the data used . In contrast 
to this the kinematic axis gives more symmetrical rotation curves and 
considerably smaller fitting errors . Table 6.7:II shows the fits to 
the whole data using each of the axes. Observations of NGC 45 and 253 
when reduced with various values of cp exhibit an increasing asymmetry 
0 
of the same kind as cp moves away from the kinematic axi s . All the 0 
methods of determining cp and i require the assumption of large scale 0 
circular symmetry in the plane of the galaxy . This is analogous to 
expecting a single rotation curve to describe the whole object. I 
prefer to adopt the kinematic axes of NGC 300 and 5236. The optical 
axis is used whenever i > 60° . 
TABLE 6. 7: II 
I 
km/sec, al = 2/p, i = 50°' * 
a = 2 ' a 1 = 15 V = 145 p ve 0 
** o~t131 s ; 0 I 0 centre 
-37 57 .4: Points from llcp ±30 of cp 
0 
n VMsin i ~ 2 a (ext) N 
cp 0 = 139° 3 71 ±7 25 . 0 ±1 . 2 
.09 24 
cpo 109° 3 63 ±11 16 . 3 ±1 . 2 
. 25 22 
* Velocity with respect to the sun . ** Epoch 1950.0 
The last column of Table 6 . 7:r presents the adopted values of 
the inclination. These happen to coincide with the values determined 
in every instance from the velocity field. For NGC 45, 247 and 253 
there are optical estimates in fair agreement with the adopted values . 
There are no consistent estimates of i for NGC 300 and 5236 when the 
radio position for the major axis is adopted, but prints of these 
galaxies suggest that the values of i listed in Table 6. 7:r are 
reasonable . 
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All the analysis of NGC 5236 in this chapter has ignored the 
correction which sho~ld be made to the observed velocity field for the 
rotation about the barycentre . The details are discussed at length in 
Chapter Seven , but using the methods of section 6.5, I find~ = 177° 
0 
and i = 50° . Thus the main effect of the correction is to increase the 
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value of i 0 0 0 0 from 35 ±10 to 40 ±5 . This latter value is in slightly 
better accord with the inclination of 58° derived from the HI 
distribution. 
CHAPTER SEVEN 
THE MASSES OF SOME SOUTHERN GALAXIES 
7,1 Introduction 
The previous chapters have dealt at length with the problems of 
obtaining realistic orientation parameters (cp
0
, i ), systemic velocities , 
rotation centres and corrected rotation curves . All of these studies 
are required in estimating realistic masses from the internal motions 
of a galaxy . This final step is discussed in section 7,4, However , 
three of the f our galaxies studied here are members of double galaxy 
systems , NGC 5236- 53 form one such pair . They are discussed in 
section 7.2 together with an introductory discourse on the processes 
which may affect the form of the rotation curve . Section 7.3 deals 
with the second pair of galaxies NGC 247- 253 , while section 7,5 applies 
the Virial Theorem to the Sculptor Group of galaxies , 
7,2 NGC 5236- 53 
The principal purpose of this section is to advance a number of 
arguments which suggest that these galaxies form a genuine physical system . 
While this is not altogether obvious from their positions in the sky (pro-
, 
jected separation 112 ), from their systemic velocities (- 335 and 229 
km/sec ) or from their apparent magnitudes (7 . 8 and 10 . 0) , there are signs 
of a tidal interaction in the HI distribution of NGC 5236 and of the 
rotation of the whole plane of NGC 5236 about the barycentre of the system . 
One consequence of the reality of an as ociation between these two galaxies 
is that it provides a natural explanation for the existence of an asymmetric 
rotation curve in NGC 5236 , since the gas is liable to execute non- circular 
and probably slightly oval , orbits in the presence of a second body . Orbits 
of this kind are not easily maintained in the absence of a companion 
galaxy as they are rapidly broken up by the shearing effects of 
differential rotation . Since one of the major reasons for assuming the 
reality of an associatiori between these galaxies is based on the 
explanation this provides for the form of the observed rotation curve 
in NGC 5236 , it is best to begin this section with a discussion of 
the alternative ways in which a rotation curve can be perturbed . 
Symmetrical Rotation Curves : A first requirement of the following 
discussion is an understanding of the meaning of an asymmetric rotation 
curve , In assuming that a galaxy is rotating with uniform circular 
motion in its plane , the observations of the velocity field can be 
projected onto the major axis and a curve of circular velocity against 
radius from the nucleus can be constructed , This is called a rotation 
curve , It has two branches corresponding to data collected from each 
side of the minor axis . When the rotation curve derived from one half 
0 
of the gal axy is rotated by 180 , until it corresponds with the data 
from the other end , and thereby defines the same mean curve within the 
experimental error , the rotation curve is said to be symmetric . If 
the curves from the two sides of a galaxy cannot be superimposed , then 
the rotation curve is asymmetric . 
It was seen in section 3.2 that the observed velocity can be 
written as 
V b (r) 0 S V +<I>(r) coscp 0 ........ .. (7.2 :1) 
in which V is the systemic velocity and cp is the azimuthal angle in 0 
the plane of the galaxy , measured from the major axis position angle 9
0
• 
Where <I>(r ), the analytic function ( such as the Brandt function) which 
describes the form of the rotation curve applies everywhere in the 
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plane of the galaxy , the observed component of the rotation velocity is 
described in azimuth by cos~ . Any departure from circular rotation may 
be distributed in the plane of the galaxy by some other function ; but 
whenever the associated velocity components from positions on the same 
diameter through the nucleus and at the same radius have the same size 
but a different sign (i , e , one end is redshifted and the other is 
bl ueshifted), the effect on the observed rotation curve is symmetrical . 
This corresponds to the fact that one side of a galaxy is approaching 
and the other is receding . To observe an asymmetric rotation curve it 
is necessary for the perturbing mechanism to generate additional 
velocity components having either the same sign (both redshifted or 
blueshifted) or having unequal sizes , 
There are three obvious ways in which a circularly symmetric 
galaxy in uniform rotation can be perturbed , These are (a) by the 
presence of a 1bar 1 which deforms the circular symmetry of the 
gravitational field about it , (b) the existence of bent edges which 
imply the existence of forces deforming the galaxy ' s plane into some 
oscillatory mode , and (c) the existence of a companion galaxy . One of 
the probable effects of the third of these options is likely to appear 
as a deformation of the simple , flat galaxy plane . Let us consider 
each of these possibilities in turn . 
(a ) Bar Structure : Though the mass of a bar need not be a large 
fraction of the total mass of a galaxy , a bar can cause a considerable 
variation of the azimuthal component of the gravitational potential , 
However , the effect of a bar is negligible at distances in excess of 
five times the bar semi- length . Since the bar in NGC 5236 is at most 
I I 
2 in length , its effec t is inconsequential at a radius of 20 ; the 
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radius at which the effects of the rotation curve asymmetry begin to 
be clearly noticeable . 
It is conceivable that a large asymmetric structure might exist , 
which is composed of stars and rotates about a centre offset from the 
nuc l eus . This would be some magnified structure of the kind described 
by Freeman (1965) in his models of bars . There are no signs of this in 
the optical prints of NGC 5236 , and it is certain that the gas clouds 
could not execute the same type of orbit as the stars . Likewise , the 
obvious optical radius of NGC 5236 is only"' 1/4 of the radius at which 
asymmetries in the rotation curve appear . As these increase in size with 
increasing radius , I find it difficult to believe that the asymmetry is 
due in any way to an intrinsic large scale asymmetric stellar structure . 
(b ) Bent Edges : The form of the neutral hydrogen in our own Galaxy 
appears to be such that within the solar radius about the galactic 
nucleus , the HI is confined Lo a thin plane which is taken to be the 
true galactic plane . At greater radii , there are signs of a distortion 
of the flat plane into a bent edged form ; one side is bent out of the 
plane (in a +z direction) , while the opposte diameter of the deformation 
is distorted in the opposite sense . A similar model might eas ily apply 
to the observations of NGC 5236 . Let us construct a bent edged model 
in which the axis (f ) of maximum deformation has deviations 6 in the 0 
direction perpendicular to the galaxy ' s plane (z direction) given by 
equation 7 . 2: 2 
2 A(r - a) 
0 
r > a 
•••.••••• (7 . 2: 2) 
In this equation a and A are constants . If for simplicity we assume that 
this distortion is stationary in space , the plane of the galaxy must 
deform to assume the ' bent edged ' shape of the plane as it rotates into 
the region . The equation describing the velocity in the z direction 
is then 
V (rtP) 
z V ( r) sin 2 ( <p - f ) 0 0 
A(r - a) 2 <t> (r)r- 1 ....... . (7 . 2: 3) V (r ) 0 
These equations are determined simply from the kinematical problem of 
forcing the galaxy to assume the deformed shape postulated by equation 
7 . 2: 2 along the axis f . In the absence of a specific cause for the 
0 
deformation , whether this is due to the presence of a companion , to an 
intergalactic ' wind ' (Kahn and Woltjer , 1959) , to magnetic pressure 
or to a difference between the symmetry and angular momentum axes 
(Lyndon- Bell , 1965) , it must be assumed that the deformation is 
symmetrical about the nucleus . From the form of equation 7 . 2: 3, and 
keeping in mind the sense of the inclination of the plane of the galaxy 
to the line of sight (i . e . whether the top or the bottom edge is the 
near side ), the sense of the velocity increments about the axis of 
deformation are as diagrammed in fig 7 . 2:1 . The noteworthy feature 
of this diagram is that along any representative diameter such as the 
major axis , the sense of the velocity correction required by the ' bent 
edge ' models is symmetrical in the sense discussed above . It is not 
possible , therefore , to cause an asymmetric rotation curve from a 
simple ' bent edge ' model . This would only be possible if the whole rim 
of the galaxy oscillated in unison about the galactic plane , or if the 
galaxy deformed into a bent edge model which had two axes of distortion 
at right angl es to one another ; so that along any diameter , 6. has the 
same sign . Neither of these alternatives is particularly attractive . 
It can be concluded , therefore , that a symmetrical ' bent edge ' model is 
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'Fig 7,2:1 Direction of velocity distortions in a simple symmetrical 
bent edge model. 
not the explanation of the rotation curve asymmetry observed in 
NGC 5236 . 
(c) Double Galaxy Model : If each galaxy in a stable pair is in a 
circular orbit about the barycentre , it follows from Newtonian theory 
that the mass centroid of each galaxy rotates about this centre . 
Consequently the whole plane of the more massive galaxy is executing a 
solid body rotation about the barycentre . The component of this motion 
along the line of sight VB(p , p) is proportional to the observed angular 
velocity of the two galaxies about the barycentre (w ) , and to the 
p 
distance of the position (p ,~) from the axis of rotation . This axis is 
at right angles to the direction )4C joining the two members of the pair 
0 
and passes through the barycentre . If R is the radius of the position 
(p ,i) from the rotation axis 
V +<l>(r)coscpsini+w R 
0 p •••• (7 . 2:4) 
in which V is the true systemic velocity , <l>(r) is the function 0 
describing the rotation velocity and , as everywhere else in this thesis , 
(P ,i ) are the polar coordinates of the position in the sky relative to 
the nucleus , (r ,cp) are the polar coordinates in the galaxy plane 
(c . f . section 3. 2) and i is the inclination of the plane of the galaxy 
to the plane of the sky . The velocity observed at the centre of the 
galaxy is V 
o , obs V + w b , b being the distance of the nucleus 0 p 
of NGC 5236 from the barycentre . Since R can be written as 
R b - p cos (p - ),ft ) it follows that equation (7 . 2:4) can be 0 
simplified t o 
V +<l>(r)cos<p sin i - w p cos(p - .)fc) 
o, obs p o 
••••••• (7 . 2: 5) 
In this instance , the sign of w is determined by the motion of p 
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NGC 5236 about the barycentre . 
~he form of equation 7 . 2: 5 shows that the velocity components 
involved in the solid body rotation about the barycentre are symmetric 
about the nucleus in the sense discussed above . When this rotational 
component is removed from the observed velocities , the data is much 
more readily fitted by a single rotation curve and the low velocity 
northern data is easily fitted by a Bottlinger-Lohmann function . 
Figure 7 . 2: 2 shows the data and the corresponding fitted curve after 
correction for beam smoothing (section 4.4) and rotation about the 
barycentre using )fe0 = 16o
0E of N and wp = 0 . 887 km/sec per minute 
of arc . 
Since the acute ' hook ' form of the rotation curve in the northern 
end is now removed by the barycentre correction , the data is more 
amenable to being simulated by perturbing the underlying HI distribution 
or velocity field . This is not possible before the correction for the 
so lid body rotation of the plane of the galaxy is removed (c . f . section 
4.4) . The more normal form of the rotation curve obtained after the 
correction is a strong indication that NGC 5236- 5253 form a stable pair. 
No asymmetric effect to the rotation curve is involved in correcting 
for the solid body rotation of the plane of the galaxy about the barycentre . 
The presence of the companion does perturb the ordinary orbits of the 
gas about the rotation centre , however , and these effects are asymmetric 
in the sense that the corresponding perturbed velocity components are 
unequal in size . When the orbit of the companion lies in the plane of 
NGC 5236 , the resulting class of stable oval orbits are known as class g 
II ) Stromgren orbits (c . f . Szebely , p . 468 . There are probably similar orbits 
for the gas to follow in the case where the companion ' s orbit does not 
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lie in the pl ane of NGC 5236 . Their existence leads one to expect 
some degree of asymmetry in the corresponding rotation curve . This 
effect is discussed further at the end of this section . 
One consequence of the non- circular orbits present in a double 
galaxy model is seen in the observed displacement of the HI centroid 
from the rotation centre in the direction of the companion . Some 
effect of this kind is expected since , in analogy to the case of 
elliptical orbits , the gas spends the shortest part of its orbital 
period in covering the half orbit about the point of closest approach 
to the galaxy ' s centre . 
For the case of NGC 5236 , the displacement of the HI centroid 
' tabulated in Table 2 . 1: I is 4 . 1 South along the major axis . This is 
within 20° of being directly towards NGC 5253 . It is the largest 
' deviation in Table 2 . 1:I and is only exceeded in size by the 5 
displacement reported by Beale and Davies (1969) for M101 (NGC 5457) . 
These authors attribute the displacement of the HI centroid from the 
nucleus of M101 to a tidal interaction with the largest of three small 
companions , NGC 5474 . There are no other massive galaxies in the 
vicinity . Though an effect of this kind is expected , the size of the 
shift is a surprise . Both NGC 5474 and 5253 are apparently much smaller 
galaxies than their more massive primary . The credibility on dynamical 
grounds of the observed tidal interactions requires considerable 
numerical testing . 
A third and cruci.al consequence of the physical association of 
these two galaxies is the mass estimated from the observed velocity 
difference and projected separation . Using V = 330 km/sec derived in 0 
section 3 .1 for NGC 5236 (corrected for galactic rotation) and 
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V = 229 krn/sec as a compromise value of the excellent measures made 0 
by Evans (1952 , 63 ) (In 1952 with a Cassegrain spectrograph Evans 
measured 8 lines at a dispersion of 46 A/mm . ), and by Welch and 
Wallerstein (1969) , 6. v = 101 Ian/sec at a projected separation (R) of 
I 
112 (175 kpc ). From Kepler ' s 3rd law, the minimum combined mass of 
the system is given by 
M M(NGC 5236 + NGC 5253) = (L1 v)2rt 
G ••••• (7 . 2:6) 
and has a value of 4. 4 x 1011 M 
0 A minimum internal motions mass 
(c . f . section 7.4) of NGC 5236 using the observed parameters for the 
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high velocity side in the absence of corrections for beam smoothing or 
rotation about the barycentre is - 6. 2 x 1011 M
0 
(i = 35° , VM = 125 km/sec 
I 
and~= 24 ). This is greater than the mass estimated for the pair 
using equation 7 . 2: 6 . 
In combination , the three reasons discussed here for presuming 
a physical association between NGC 5236 and NGC 5253 are very convincing. 
It should also be noted that there are no other sizable galaxies in 
the immediate vicinity of NGC 5236 . The other members of the NGC 5128 
Group are all at a distance ~ 1 Mpc . A further test of the reality 
of the association would be the observation of a displacement of the 
HI centroid i n NGC 5253 towards NGC 5236 . 
Supernovae in NGC 5236- 53 : The distance of NGC 5253 has in the past 
been the subject of two points of view . de Vaucouleurs (1968a) 
attributes NGC 5253 tentatively to the NGC 5128 Group at a distance 
of -4 Mpc . But a bright supernova (SN 1895b) was observed to reach a 
peak magnitude of - 8 . 0 (Zwick:y , 1964 ) and a distance was therefore 
gauged by assuming M = - 18 . 0 . This is the magnitude of the SN 1885 
V 
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in M31 . On this reasoning , the distance to NGC 5253 is - 1 . 6 Mpc . 
In maintaining that NGC 5253 is at the distance of NGC 5236 (5 Mpc) , 
we also attribute an absolute magnitude to the SN 1895b of - 20 , 5 . This 
is 2 . 5 magnitudes larger than the general maximum of - 18 . 0 discussed 
by Zwicky (1965) and about 2 . 5 times larger than the variance attributed 
by Zwicky to this limit . Four supernovae have been observed in 
NGC 5236 during the last 50 years , and these all have peak observed 
magnitudes in the range from 11 . 0 to .- 15 , or an average of 5 magnitudes 
fainter than the single event in NGC 5253 . It seems likely therefore , 
that SN 1895b is more akin to a super supernova than to an ordinary 
type I supernova . 
Rotat ion Curve of NGC 5236 : 
Following the procedures of sections 4.4 and 6 . 5 , a Brandt function 
is fitted to the fully corrected velocity data of NGC 5236 and~ , i 
0 
and V are varied to give th~ smallest fitting errors . All fits of 0 
the data to both ends separately give~ = 177° E of N. Thus the 
0 
effect of the rotation about the barycentre causes an error of only 3° 
in the position of the kinematic major axis . The determination of 
optimum values of V and i is more uncertain , as the low- velocity data 0 
are fitted best with V "'520 lan/sec and i = 30 to 35° while the high-a 
velocity southern data are fitted best with V "'520 km/sec and i"' 50° . 
0 
A compromise value of the systemic velocity with V = 510 Ian/sec is 
0 
therefore adopted . It may be that the change of fitted inclination 
between the two sides of the minor axis is caused by a distortion of the 
plane of symmetry by the companion galaxy NGC 5253 , This would 
partially explain the difference in the radius of the turnover point 
between the two ends of NGC 5236 , though it is difficult to understand 
how such a small luminosity companion could cause such large 
perturbations . An inclination of 40° is adopted here , as this is in 
reasonable accord with the optical estimates of the inclination of 
NGC 5236 , which tend towards larger values of the inclination when 
the radius is increased . 
The fitted parameters are listed in Table 7 . 2: 1 . A gaussian HI 
I 
distr ibution with a half- width of 13 . 2 and its centroid displaced 
I 
4 South along the major axis is used for obtaining the beam smoothing 
correction. 
I 
** TABLE 7.2: I 
km/sec ; * = 510 km/sec ; 40° 
(J 2 0
vel = 10 V i p 0 = 
+ 13h34m58s , 0 I 0 !:::. rJ ±"300 centre - 29 41 • 3 ; cp =177 ; = 0 
VM (km/sec) 
~ax(mins .arc) 2 Description n a (ext) ax 
South 3 155 . 6 ±25 34 . 9 ±j . 9 0 . 5687 
North 3 150 . 3 ±10 20 . 3 :to . 6 0 . 8272 
+ epoch 1964 . o * reduced to sun 
** a = 12 km/sec V 
N 
27 
34 
It can be seen that the rotation curves are still asymmetric in that 
the values of R are unequal by more than twice the combined standard 
-Nax 
errors of the fit . 
Table 7 . 2: II summarizes the parameters of the pair of galaxies 
NGC 5236- 53 . The mass of NGC 5253 is obtained by assuming a M/L ratio 
of 11 . 6 equal to the average ratio found in NGC 247 , 300 and 45 . 
11 4 
TABLE 7 . 2: II 
cp 0 
i 
Near side 
Approaching End 
V + 
0 
I nternal Motions Mass 
Luminosity 
M/L 
Separation 
.)teo 
Combined Mass 
NGC 5236 
177° E of N 
40° 
West 
North 
340 km/sec 
86 X 101 ~O 
61 . 4 X 10910 
14. 0 
NGC 5253 
43° E of N 
69° 
229 km/sec 
( 13 X 101 ~0) 
11 .4 X 1091
0 
11 . 6 (adopted) 
I 
11 3 ( 17 5 kpc ) 
160° E of N 
~ 4 • 54 X 10 11 MO 
+ corrected for galactic rotation 
7 . 3 NGC 247- 253 
Three arguments suggest that NGC 247 and 253 form a double system . 
(1 ) Both galaxies belong to the Sculptor Group in which the average 
projected separation of the members is 590 kpc , while the projected 
separation of NGC 247 and 253 is only 240 kpc (275 minutes of arc) ; 
I (2 ) the HI centroid of NGC 247 is displaced 2 . 8 South (2 .4 kpc) along 
the major axis and directly towards NGC 253 ; and (3) after correcting 
the systemic velocities for the effects of galactic rotation (cf . Table 
6 . 2 : I) , the velocity difference is 75 km/sec . Then using the line of 
sight velocity difference and the projected separation , the minimum 
com in8 mass b . d 1.·s 3 . 0 x 1011M
0
• This value is the same as the estimated 
combined mass obtained from the internal motions in section 7 .4 . It is 
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therefore probable that NGC 247 and 253 form a double system . 
As with all double galaxy systems , the projection factors correcting 
the projected velocity and projected separation to the quantities seen 
in the true orbital plane , may appreciably alter the minimum combined 
mass estimated above . But since this is already very nearly equal to 
the internal motions mass , the error in the combined mass is limited 
to the uncertainties in the internal motions study , and therefore at 
most to a factor of "'2 . It is interesting in this connection to find 
that if NGC 253 is in the plane of NGC 247 , the resulting combined mass 
after correcting for the projection factors is only 4 . 2 x 1011M
0
, an 
increase of 3')1/o . It is possible that this is close to the true orbit 
because the major axis position angle of NGC 247 (~) is only s0 away 
0 
from the radius vector joining NGC 247 to NGC 253 . The near coincidence 
of these two directions is noted by Rubin and Ford (1968) in the axis 
of NGC 3227 relative to its companion galaxy NGC 3226 . A further 
di scussion of the general implications of this assumption is given in 
Chapter Nine . 
Table 7 . 3 : I lists the data evaluated in earlier chapters for this 
pair of galaxies . There is one aesthetically pleasing consequence of 
assuming that the orbit of NGC 247 is coincident with its plane of 
symmetry for it then follows that the direction of rotation of NGC 247 
about NGC 253 and the spin of each member about its own axis are all in 
the same direction . This situation is analagous to that existing in 
the Solar System , where all but one of the planets rotate in the same 
direction as they move in their orbits . A second consequence of this 
hypothesis is that NGC 247 is then closest to the NW axis of 
NGC 253 . 
cp 0 
i 
Near side 
Approaching end 
V + 
0 
Internal Motions Mass 
Luminosity 
M/L 
Separation 
)fC 0 
Combined Mass 
TABLE ] . 3: I 
NGC 247 
9° w of N 
68° 
East 
North 
182 km/sec 
0 . 7 X 1011 ~ 
4 . 9 X 10910 
14. 1 
NGC 253 
51 o E of N 
730 
North-West 
North-East 
257 km/sec 
2 . 3 X 1011 ~ 
37 . 0 X 1091 0 
6 . 2 
I 
275 (240 kpc) 
178°48
1 
E of N 
~3 X 1011~ 
+ corrected for galactic rotation 
The rotation data of NGC 247 and NGC 253 must be corrected for the 
solid body rotation of each about the barycentre . The effect of this 
on the rotation curves of these galaxies is not nearly as important as 
it is in the case of NGC 5236 , because the velocity gradient of 0.27 
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km/sec per minute of arc is smaller and both galaxies are strongly inclined . 
Figures 4. 4 : 2 and 5 . 5 : 3 show the rotation curves fully corrected for 
both beam smoothing and rotation about the barycentre . 
7 .4 Masses from Internal Motions 
One of the principal reasons for choosing to fit a Brandt function 
(t ( r ) ) to the velocity fields of the galaxies studied here is that in 
addition to providing an excellent smooth curve approximation to the 
observed rotation curves it tends to the Keplerian curve in the limit 
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as r -
00
• Equating the Keplerian velocity with the Brandt function gives 
M(r - 00 ) 
hence M1 . . t 1m1 
2 ip(r) r 
G 
V 2 R. Max -Max 
G 
In deriving this mass it is assumed that the galaxy is an infinitessimally 
thin disk , rotating in equilibrium under the action of gravitational 
forces . Brandt (1960) increases this mass estimate by 10}0 to allow for 
the finite thickness of the disk . The limiting mass is then calculated 
from the formula (Roberts, 1968) in which the velocity of the turnover 
M( r - oo)/~ J 3/n V 2 ~ D 72 . 6 ( ) 2 Max ax ••••.• (7 .4: 1) 
point (VMax) is in km/sec , its radius (~ax) is in minutes of arc and 
the distance (D) is in kpc . Table 7 .4: I lists the masses estimated from 
equation 7 , 4 : 1 together with the internal standard error . 
Galaxy 
NGC 
45 
247 
253 
300 
5236(high) 
(low) 
n 
3 
1 ,5 
3 
3 
3 
3 
V Max 
km/sec 
92 
108 
262 
96 . 8 
242 
234 
TABLE 7 . 4: I 
~ax 
mins .arc 
7 . 3 
1 2 . 1 
10. 3 
17 .4 
34 , 9 
20 . 3 
Ml. ·t 1m1 
x1o1~ 
2 . 0±0 . 2 
7.0±0 .4 
23 . 1 ±7 . 2 
5 . 3±o . 3 
111 ±21 
61 ±2 
(mean )86 (±25 ) 
M(last ) 
x1o10M0 
1 • 8 
4.4 
20 
4,4 
61 
% 
86 
64 
86 
82 
71 
D 
Mpc 
3 
3 
3 
3 
5 
5 
5 
The mass is known when the coordinates of the turnover point are 
determined . As both VMax and ~ax are sensitive to the effects of 
beam smoothing, it is necessary in reducing 21 cm observations to obtain 
a reliable set of corrections as a function of position across the 
galaxy . A second assumption implicit in the use of equation 7 .4: 1 is 
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that the Brandt function provides an adequate fit right out to oo , 
Column six of Table 7,4: I lists the mass obtained from the fitted 
rotation curve out to the radius of the last observed point . Column 
seven expresses this as a percentage of the limiting mass , and shows that 
the uncertainty from this approximation is not larger than 30}& when a 
Bott linger-Lohmann function is used . 
Masses estimated from internal motions are lower limits to the 
true mass , since they ignore the effects of pressure forces , The full 
(hydrodynamic ) equation of motion is given by Chandraskhar (1942) as 
v2 
w 
1-
w grad~ 
1 
p div P , 
where pin this formula is the mean mass density , Pis the pressure 
tensor , w i s the distance from the axis of symmetry and is the 
gravitational potential . When deriving the distribution of mass from 
the obser ed form of the rotaLion curve (Brandt and Be lton 1962 , 
Burbidge, Burbidge and Prendergast 19593.)the pressure forces cause an 
underestimate of the mass at the centre , Since the masses listed in 
Tabl e 7 ,4: I are derived from a mean rotation curve fitted to the whole 
data , it is difficult to estimate the size of the error involved in 
this assumption . It is unlikely that the pressure forces cause 
underestimates of more than a few per cent as even in the central 
regions of NGC 21 46 where the mass density is greatest and the velocity 
dispersion is ,.._, 150 km/sec , Burbidge , Burbidge and Prendergast (1959 a) 
find the resulting error to be less than,.._, 'J'/o in the total mass , 
The existence of asymmetric rotation curves in M31 and NGC 5236 
forms a further complication in the estimation of masses from internal 
motions . These two galaxies show the effect most unmistakably , but both 
are members of multiple galaxy systems , Perhaps the tentative 
explanations of section 7 , 2 may be applied to M31 as well , Shobbrook 
and Robinson (1967) reported an asymmetry in NGC 300, but this can be 
resolved (cf , section 6. 7) by adopting the kinematic major axis 
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instead of the optical , Similarly the present observations of NGC 45 
using the optical position as the rotation centre also show an asymmetry 
which is greater than the standard errors , In this instance , a faulty 
rotation centre and the use of a symmetric gaussian HI distribution are 
probably partly responsible , An average of the masses obtained 
separately from each half of NGC 5236 is adopted as a compromise , It 
is noteworthy that even the smallest mass of 6, 1 x 1011~ derived from 
the low velocity data gives NGC 5236 a total mass estimate which is 
larger than that yet found for any other spiral galaxy , 
Table 7 ,4: II lists the apparent magnitude , the luminosity (1
1
) 
II corrected to outside the galaxy by the relation - 0 . 25 cosec b , and 
the fully corrected luminosity (12) after allowing for internal absorption 
according to - 0 . 25 sec i , The resulting values of the M/L ratio are 
generally large when compared with the value of 6 . 0 found by Roberts 
(1968b) from 42 late type galaxies , However , the masses used in this 
last investigation are drawn from a variety of sources and methods , 
TABLE 7 ,4 :II 
* M/L M/L Galaxy m 11 12 pg 
X 1091
0 X 10910 
45 1 o . 6 0 . 96 + 21.1 1.5 14, 0 
247 9 , 5 2 . 7 + 25 . 7 4, 9 14 . 1 
253 7 , 5 17 + 13 . 6 37 6.2 
300 8 , 7 5 , 5 + 9 , 7 7 , 9 6 . 7 
5236 7 , 8 45 , 3 19 , 0 61. 4 14, 0 
* de Vaucouleurs (1963); + 0~2 correction to outside the galaxy . 
7 . 5 The Sculptor Group 
de Vaucouleurs (1959) first drew attention to this small group of 
five to seven late type galaxies . The five brightest members NGC 55 , 
247, 253 , 300 and 7793 have a velocity dispersion (weighted by mass) 
of 64 lan/sec and are all brighter than m = 10 . 0 . Apart from the other 
two suspected members , NGC 24 and 45 which are fainter and have 
systemic velocities of 498 and 628 lan/sec , there are no bright galaxies 
within~ 20° . The isolation of these galaxies near the South Galactic 
Pole strongly argues for their membership in a common group . 
There are three group properties showing signs of an apparent 
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order which embraces most members . These are (1 ) the systemic velocities 
are consistent with the rotation of the Group about its centre . NGC 55 
and 300 show the largest bl ueshifted velocities relative to the group 
systemic velocity of 231 lan/sec , while NGC 24 and 45 on the other end 
of the same diameter show the greatest redshifted velocities . The 
other galaxies lie c loser to the 1 minor ' axis . (2) of five galaxies 
with known velocity fields , four have similar axes of spin . NGC 300 is 
the exception to this . (3) fig 7 . 5 : 1 shows the positions and major axis 
directions of all members . With the exception of NGC 55 and 24, all 
members seem to have axes which point approximately towards the group ' s 
centre . Since the plane of NGC 253 is undergoing solid body rotation 
about the barycentre on the radius joining it to NGC 247 , the position 
angle of its major axis c~o) is oscillating through an angle of ,..._, ±60° 
about this direction . It is therefore fortuitous that~ (NGC 253 ) and 
0 
the direction of the radius joining NGC 253 to the cluster centre are 
at present within 10° of being coincident . Similar behavior is seen in 
several small groups (NGC 6769- 70- 71 , VV 172 , Stephens quintuplet ) as 
N 
E 
Fig 7.511 Relative positruons of the Sculptor Group Members. Lines 
represent position angle of major axis and arrowhead 
indicates end of the axis which is approaching. 
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well as in the Coma Cluster . This point is discussed more f ully in 
section 9 . 2 . 
TABLE 1.2: I 
Galaxy Mass V 0 L .0 cp 0 1 NGC X 101 ~G 0 x10910 km/sec 
24 ( 1 • 6) 628 (42) 1.4 81 
45 2 . 0 498 145 1. 5 55 
55 4. 3 96 109 (51 ) (85) 
247 7 . 0 182 171 4. 9 68 
253 23 . 1 257 51 37 73 
300 5 . 3 95 139 7 . 9 50 
7793 (4. 9) 198 85 4. 2 34 
The data for this group is entered in Table 7. 5 :1 . Mass estimates 
for NGC 24 and 7793 are made assuming a M/L ratio of 11 . 6, while the 
mass of NGC 55 is taken 1rom Robinson and Van Damme (1966) . The total 
mass of the Group is 4. 5 x 101\ib (4. 7 x 1011~ including NGC 24 and 45), 
and the corresponding total M/L ratio is""' 4. 3 . This is small because 
the M/L ratio of NGC 55 is 0 . 87 after allowing 1 . 5m of internal absorption. 
A lower limit to the Group ' s mass, may be obtained using the Virial 
Theorem and the observed radial velocities and projected separations . 
For the five brightest members , the corresponding gravitational 
potential energy is only 36fo of the observable kinetic energy . The 
group is therefore unstable . An approximate total mass can be obtained 
using the f ollowing form of the Virial Theorem (de Vaucouleurs , 1959 ) 
assuming the observed velocities are random and that the Group as a 
whole is in statistical equilibrium , 
2 < v2 > R 
G 
5 
where < v2 > 3 l m (v Z, 0 and V 0 
is the group systemic velocity (204 Ian/sec for the five brightest) . 
Then following de Vaucouleurs (1959) , the characteristic radius (R) 
is in the range from 5° to 10° and 
14. 1 X 1011 < (T]_ < 28 . 9 X 1011~ 
which results in a mean mass per member of 2 . 9 to 5 . 8 x 1011 ~ - These 
masses are even greater when NGC 24 and 45 are included. 
Limber (1961) defined a characteristic breakup time for a group 
as the time it took a member moving with a constant velocity equal to 
the r . m. s . velocity dispersion to travel a distance equal to the r . m. s . 
projected separation of members from the cluster centre . For the 
Sculptor Group T 
g 0 . 35 x 10
10 years for the five brightest 
10 (0 .1 2 x 10 years for ail seven), which is sufficiently small for the 
group to have dissipated if i~ is (a ) unstable (b) as old as the 
apparent age of the Universe 10 :::;:: 10 years and (c) is governed by 
Newtonian gravitation. 
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The existence of small groups , which are apparently unstable unless 
there is a large amount of associated mass in some unrecognised form , 
remains a paradox unless assumption (c) is in error . Kapp (1960, p . 87 ff) 
suggests that the process generating the cosmological expansion in a 
steady state universe may be acting between the members of groups and 
clusters . This is formally equivalent to requiring a modification to 
Newton ' s Law of Gravity at distances in excess of"' 100 kpc . The chief 
advantage of this suggestion is that it requires time scales of the 
10 
order of 1.0 x 10 years for the process to increase the average 
separation between members by a factor of 3 and even longer if the 
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cosmological expansion is less efficient at smaller separations (an 
expansion velocity of 100 !an/sec is a 1 Mpc displacement in 1010 years) , 
The longer time scale for dispersion with such a process would allow 
the resulting unstable small groups to be observable at the present 
epoch , and hence explain the existence of the observed ' paradox•. A 
study of the theory of such processes in groups may lead to the 
formulation of the terms describing the departure from Newton ' s Law 
of Gravitation at large distances , 
CHAPTER EIGHT 
THE MINOR AXIS ASYMMETRY 
Introduction 
Until 1965 it was usual to treat the interstellar HI as a continuous 
medium with an average spin temperature (T) of - 125°K, though the 
s 
medium was thought to consist of numerous clouds with a range of T 
s 
from ~ 6o°K to several hundreds of degrees . These clouds were considered 
to occupy - 7fo of the total available space . Our present understanding 
of both the distribution and the total mass of HI in the Galaxy are 
still based on these ideas of moderate T and low optical depth . 
s 
During the last three years a number of observations have been made 
which are difficult to reconcile with this model . In particular Clark 
(1965 ) from his studies of the 21 cm absorption lines in galactic 
continuum sources is lead to comment that the HI observed in absorption 
is not entirely the same as the HI seen in emission . He postulates a 
model of the interstellar medium in which a relatively small number of 
clouds (T - 60 - 100°K) are immersed in a hot continuous medium s 
(T ~1000°K) . This model has the advantage of providing an external s 
pressure which helps to hold the otherwise unstable gas clouds together. 
It is the purpose of this chapter to examine the explanation offered by 
a two component model of the interstellar medium , of the asymmetry seen 
between the signal strength on the two sides of the minor axis of 
highly inclined galaxies . The observations concerning this are discussed 
in section 8 . 1 and a simple model of the interste lla~ medium is examined 
in section 8 . 2 . In sections 8 . 3 to 8 . 5 models are constructed to suit 
three different situations . Finally in section8 . 6 revised estimates of 
the total HI mass are derived from the observed minor axis asymmetry . 
These revisions are necessitated by the a ssumption made in section 2.3 
that T<< 1 , and accordingly that the signal strength 
( _T) Tb = Ts 1 - e :::::: TsT, Equation 4, 2: 6 relating the opacity (T ) to the 
HI number density (NH ) along the line of sight is 
T 
5 • 4 5 x 1 0- 1 9N H 
a~ T 
V S 
00 
NH J ~ ds 
-co 
............ (8 . I : 1) 
where~ is the number of HI atoms/cc along the line of sight , Ts is 
the spi n temperature and a is the velocity dispersion (km/sec) . It 
V 
fol l ows , therefore , that when T << 1 , NH a Ta 
= TT 
s 
which is 
independent of T • When T is not small , the HI mass is underestimated . s 
8 . 1 Minor Axi s Asymmetry 
In a gal axy in which the HI is (1) continuously distributed , 
(2) circularly symmetric and (3) has a constant spin temperature , two 
lines of sight on a diameter at equal distances from the centre should 
be observed to have the same signal strength . Thus any two paths on 
the minor axi s and equidistant from the nucleus ought , in this simple 
mode l, to be compl etely equival ent . However , the observations of the 
integrated antenna t e~perature in M31, NGC 253 and 247 all show an 
asymmetry along the minor axis , such that the near side is the weakest . 
These observations are listed in Table 8 . 1:I . 
The existence of the above asymmetry argues f or one of two 
possibi l iti es ; either the spin temperature varies with radius or the 
HI di stribution is not circularly symmetric , Let us discuss the first 
of these possibjlities , If we suppose a lower value of T at r > rM , 
s ax 
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then on the near side of a strongly inclined galaxy , the colder HI is 
in front of the inner hot regions while on the far side it is behind 
them . Since the opacity (T ) is aTs - 1, the cold HI absorbs the signal 
it occults and gives rise to an asymmetry with the same sense as that 
observed . The first suggestion is therefore capable of explaining in 
principle , both the existence of the asymmetry and its sense . , 
As the present data is limited to three galaxies , the second 
suggestion also needs to be investigated . All three systems happen 
to be members of double - galaxy pairs , NGC 247 and 253 with each other 
and M31 with NGC 205 and 221 . Consider first the case of NGC 247 . It 
I 
has its HI centroid displaced 2 .8 S along the major axis towards 
NGC 253 . Since it is the minor axis which is being investigated, it 
can be reasonably presumed that the effect of NGC 253 is approximately 
the same on both sides . But in NGC 253 , the near side (NW) of the 
minor axis is also the side which is closest to NGC 247 . Thus if there 
is any tidal interaction between the two systems which affects NGC 253 , 
it ought to act in the direction of increasing the HI mass observed on 
the near side . This would cause the signal strength on the near side 
to be intrinsically the stronger . Unless the position of the centre of 
I 
NGC 253 is in error by more than 2 along its minor axis , the asymmetry 
listed in Table 8 . 1 : I holds true . A discussion of the causes of the 
observed asymmetries in the general distribution of HI in M31 is 
complicated by the presence of two definite satellite galaxies , 
NGC 205 and 221 and the possible presence of an HI companion at the 
SW end . Certainly there is little obvious large scale asymmetry along 
the minor axis , as on both sides the HI reaches its peak number density 
at the same radius . It is only in the outer regions that asymmetry is 
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TABLE 8.1: I 
Run of Integrat ed Antenna Temperature along the Minor Axi s 
M31 
b TN TF TN TNb 
arbit arbit 
5 810 690 
-.16 
10 1130 1220 
. 08 
.8 
15 980 1205 . 21 3 ,15 I 
20 510 670 
. 27 5. 40 I 
25 200 340 
. 53 13.25 I 
. 83 24 . 90 30 100 230 I 
35 
- 30 130 1. 47 51. 45 
NGC 253 
b TN TF TN TNb 
5 413 402 
-. 02 I 
6 . 25 297 303 . 02 
.125 I 
7 , 5 230 247 
. 07 
. 525 I 
8 , 75 
I 
155 198 . 24 2.10 
10 84 129 . 43 4. 30 I 
11. 25 48 79 . 50 5. 63 
NGC 2 7 
b TN TF TN TNb 
5 595 638 . 07 
. ~5 I 
7.5 400 470 .16 1. 20 I 
10 175 279 . 47 4 . 70 
12. 5 104 119 .13 1. 63 I 
15 63 72 .13 1. 95 
detected . But there is a certain degree of asymmetry in the HI 
distribution along the major axis , which leads to the NE end having 
I I 
rather more than twice the amount of HI between 80 and 90 as the 
SW end . At all other radii , the two ends are within 1o{o of being 
equivalent , neither one being consistently more intense than the other . 
It is therefore unlikely that the systematic asymmetry seen along the 
I 
minor axis at radii ~ 10 is due to an intrinsically asymmetric HI 
distribution . * 
The near side correlation : There are three factors to be considered in 
maintaining the correlation that the near side is systematically weaker 
than the far side . These are (a) the question of how the near side is 
determined, (b) the effects of beam smoothing and (c) the reliability of 
the observations . Let us consider each of these in turn . 
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(a) The near side is defined by either assuming that the galaxy has 
trailing spiral arms and knowing which end of the major axis is receding 
relative to the centre or from the observation of dust clouds silhouetted 
against the nucleus . These questions are discussed in section 3 . 4 for 
NGC 247 and in section 3 . 5 for NGC 253 . Arp (1964) has outlined the 
structure of the spiral arms in M31 as seen in the distribution of HII 
regions , and since the SW side is the low velocity side, the near side 
is the NW at~ ,._, 308° . de Vaucouleur 1 s (1958) study of the near sides 
of galaxies using all available criteria agrees with the results used 
here for M31 and NGC 253 . 
(b ) The minor axis observations of M31 show the above asymmetry in the 
most unquestionable form , and it is perhaps no coincidence that this is 
* The minor axis asymmetry appears in the results of both Roberts 
(1966) and of Gottesman et al (1966) . 
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the galaxy in which the resolution of the beam is greatest . Observations 
I I 
of the minor axis cover 70 in M31 , seven times the size of the 10 
beam used by Roberts (1966) . It is therefore probable that a large 
part of the signal at radii of .2: 30 1 from the nucleus is contributed 
by leakage of signal from other parts of the axis into the beam . These 
are the regions in which the effects of beam smoothing have the greatest 
percentage weight and the signal to noise ratios are worst . Both of 
these problems are aggravated in the case of NGC 247 and 253 by the 
appreciably smaller scale size of these galaxies . 
(c) Since all the high resolution observations of M31 display the 
asymmetry in signal along the minor axis , the results for this galaxy 
cannot be easily doubted . To a lesser degree the results for NGC 247 
are also reasonable , since the gaussian fitted to its minor axis 
(section 6.4) predicts an inclination surprisingly close to the accepted 
0 
value of 68 . This is a ~ather sensitive test of the reliability of 
the integrated antenna temperature contours . But on this test , NGC 253 
does not compare so favourably; as the observed half- width of the galaxy 
along the minor axis is smaller than the half power beam width of the 
telescope . As discussed in sections 3,5 and 6.4, this is probably due 
to the uncertainties existing in the position of the baselines of the 
central velocity profiles of NGC 253 , On this question alone , I would 
weight the observations of M31 , NGC 247 and NGC 253 in the ratio of 
5 : 2 : 1 respectively . 
Thus it can be concluded that the present data are strongly 
suggestive of a correlation between the weaker side at 21 cm being the 
near side . It will require observations of higher resolution and several 
more examples to properly confirm the existence of this effect . 
8 . 2 The Local Medium 
Before continuing to a discussion of the large scale behavior of 
the interstellar medium as it is observed in ext ernal galaxies, it is 
worth examining the structure of the medium in the vicinity of the 
sun . This section is wholly concerned with this topic . 
1 31 
It was mentioned in the introduction to this chapter that several 
recent results are in conflict with the uniform medium - low opacity 
picture of the interstellar medium . In particular the ultraviolet 
observations of a number of stars by Jenkins and Morton (1967) show less 
than 1/6 of the HI columnar number density expected from the conventional 
interpretation of 21 cm data in the same direction . Similarly, 
Rappaport et al (1969 ) have reported low attenuation in the soft X-ray 
spectra of the sources ScoX- 1 , GX9+1 and GX9+9, though several other 
sources in the same vicinity are attenuated to the expected degree. 
Bowyer , Field and Mack (1968) detected an isotropic soft X- ray flux 
which they attribute to an extragal~ctic origin . When they plot the 
0 
44 A flux as a function of the HI number density observed at 21 cm, they 
find that the average cross section per HI atom is only 1/3 . 3 of that 
calculated theoretically assuming a normal helium abundance , This 
observation is interpreted both here and by Field and Bowyer (1968) 
as being due to the locking up of most of the neutral hydrogen into 
relatively dense clouds . 
0 
On this interpretation, the observed 44 A flux is reaching us along 
those lines of sight which do not intersect any dense HI clouds . Any 
0 
attenuation of the original 44 A flux is then due to the hot, tenuous 
intercloud medium. The flux which is incident on a reasonably dens e HI 
cloud is attenuated according to exp(-NH) , so that the flux emerging 
on t he other side is more than an order of magnitude weaker than the 
incident flux . Where clouds obstruct only a small proportion of all 
possible lines of sight to the X- ray detector, the observed flux is due 
almo st entirely to those lines of sight which pass between the clouds . 
Thus where at 21 cm the signal from the clouds may be dominant (as they 
represent most of the HI number density postulated by the uniform 
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medium hypothesis) , at 44 A these same clouds are observed in silhouette . 
This property of the two component model can be exploited to 
evaluate the relative contributions of each component to the observed 
brightness temperature . Let us define p as the fraction of the 
beam ' s solid angle subtended by dense clouds (T >1) . When p << 1 , the 
observed 21 cm brightness temperature (Tb) can be written as 
....... ..... (8 . 2: 1) 
in which Tc is the mean cloud temperature (T >>1) and TH and TH are 
the spin temperature and opacity of the hot gas . To relate this 
equati on wi th the result of Bowyer , Field and Mack ' s work (BFM) , 
it is necessary to convert from brightness temperatures to number 
densities . 0 For this purpose we must use T << 1 and T = 125 K thereby 
s 
obtaining Tb= TsT = *NH (from equation 8 . I : 1) where 
* = 5 .4 5 x 10- 19 ( /2n a ) - 1(atoms/cm2)- 1 • 
V 
Consequently THTH *NH/3 . 3 from BFM and equation 8 . 2: 1 becomes 
*NH pTc + (1 - p) *NH 3 . 3- 1 which may be rewritten as 
p = *NH 2 . 3(3 . 3Tc - NH) - 1 for p << 1 ••••• (8 . 2:2) 
Thus p can be evaluated if we assume some value for the velocity 
dispersion of clouds in our own neighbourhood . Looking at the galactic 
21 2 / pole , NH(125 ) "' 0 . 2 x 10 atoms/cm , av:::::: 6 km sec, then 
20 o II o II 
* = 3 . 623 x 10- and p = 0 . 09 when Tc:::::: 60 K. At 1 :::::: 180 , b 
,.,_, 1 1 21 / 2 NH = . o x O a toms cm and p ~ o . 51 . The corresponding values for 
a cloud temperature Tc= 100°K are p = 0 . 05 and p = 0 . 28 respectively . 
However , the change in path length between bII = 90°and15° is an 
increase by a factor of four , which would on a uniform model of the HI 
distribution in our vicinity imply values of pat bII = 15° of - 0 . 36 
and 0 . 20 instead of the predicted values from equation 8 . 2: 2 of 0 . 51 
and 0 . 28 . Though this agreement is not very good in detail , the 
formula predicts reasonable values of p to within a factor of ""'2 . 
This line of reasoning can be extended to estimate the mean line 
of sight number density . Where with T 
s 125°K a number density of 
0 . 2 x 10
21 
atoms/cm
2 
at the galactic pole is equivalent to a brightness 
temperature of 7 . 26°K , using T ~ 6o°K and TT ~ 120 shows that 75% of 
C C 
the total signal or pT = 5 . 40°K is contributed by the clouds . The C 
hot intercloud medium filling 91% of the beam ' s solid angle contributes 
0 
only 1 . 86 K. 
then pTC T /~ 
(1 - p)THT HI 
The relative number densities of the two components are 
0 . 3 x 10
21 
atoms/cm2 from the dense clouds and 
= 0 . 046 x 10
21 
atoms/cm2 from the hot medium . This 
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combined number density is 73% larger than the 0 . 2 x 1021 atoms/cm2 
derived from the same brightness temperature assuming T << 1 and T =125°K . 
s 
Even larger line of sight number densities are indicated if T > 2 or 
a > 6 km/sec or if there are substantial numbers of very small clouds V 
with extremely high opacities . These latter could contain substantial 
masses of neutral hydrogen, but provided their total number fills only 
a small fraction of the beam ' s solid angle , they essentially escape 
detection in the emission measurements . 
In conclusion , the local environs of the sun have a cloud 
population which fills only 1CJ% of the beam when looking at the galactic 
po l e , but provides 75% of the observed brightness temperature . On this 
cl oud model , the HI mass of the galaxy is underestimated by a factor 
of O (2), though this may easily be underestimating the real mass of 
interstellar gas by a considerable factor , 
8 . 3 Simple Cloud Model 
The opacity of the interstellar HI along any line of sight attains 
a maximum value along the minor axis , since in this region of a galaxy , 
t he l ine of sight effe.cts of the differential rotation in the disk of 
the galaxy are zero . This enables the observations to be expressed 
adequately in terms of integrated antenna temperatures and the 
calculated brightness temperatures to be freed from the necessity 
of keeping track of the frequency . 
Let us consider a section through a model galaxy along the minor 
axis in which the HI has a constant thickness . In a two component 
mode l of the galaxy it i s in accord with the observations to assume 
that the clouds are appreciably more concentrated to the galactic plane 
than the hot component . This situation is drawn schematically in 
fig 8 . 3:1. Since the clouds subtend only 10- 2<J% of all the lines of 
fig 8 . 3: 1 
sight through the whol e layer , when seen from approximately face - on 
the layer is r elatively transparent . Then in describing the average 
behavior of the medium , the clouds can be treated as if they are 
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concentrated in the galactic plane . Let p be the fraction of the beam 
filled by clouds , and let TH ' TH and Tc have the same meanings as 
before . The equations of a three layer medium are 
TN TCBA THTAB + pT + (1 - p)THTBC + pTHT BCe - T = C 
(8 . 3:1) 
- T .... TF TABC THT BC + pT + (1 - p)THT AB + pTHT ABe C 
where T is the mean opacity of the cold gas , TN is the temperature of 
the near side , and TF the temperature observed on the far side of the 
minor axis . It follows immediately that if TN< TF ' TAB< TBC " This 
result is a necessary condition for the development of an asymmetry in 
a three layer model ; the size of the asymmetry is therefore a function 
of dT(r)/dr . Since 
NH(r) T(r) a _....;;...,.. __ 
o (r)T (r) V S 
the radial variation may occur in all or any one of these quantities. 
The observed variation of o in our own Galaxy is small (less than a 
V 
factor of two), hence an asymmetry requires a gradient in T (r) or 
s 
NH(r ). It should be noted again here , that a continuous distribution 
of the HI with its associated mean value of T (r) could only show an 
s 
asymmetry if T (r) varies with radius . 
s 
8 .4 Mode l with p ~ 1 
The currently accepted interpretation of the HI observations of 
our own Galaxy (assuming T << 1 and T = 125°K) is that the distribution 
s 
of HI in the z direction (out of the plane of the Galaxy) starts to 
increase rapidly beyond the position of the sun . At a radius from 
the galactic centre of"' 14 kpc , the half- width has increased from its 
local value of "' 160 pc to more than 500 pc . Accompanying this increase 
in half- width is a corresponding increase in the columnar number density 
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along the z direction , so that when seen from outside , the HI distribution 
2 has a peak number density per cm between 12 and 14 kpc from the galactic 
ce ntre . As this form of HI distribution is seen in M31 , it is reasonable 
t o expect the ring to be associated with a corresponding increase in the 
half- width about the plane of symmetry in M31 also . The asymmetry in 
the i ntegrated antenna temperature along the minor axis of M31 begins 
t o be noticeabl e at the radius of the peak HI signal strength , and 
increases progressively with radius thereafter . An explanation of the 
asymmetry is likely to be linked to the properties of the ring 
di stri bution of HI . 
In considering a two- component model of the HI distribution , it 
is necessary t o make some assumptions about the distribution of each 
component . It was seen in section 8 . 2 that much of the observed signal 
strength in the vic i nity of the sun is due to cold clouds . It is 
probabl e therefore , that much of the increased half- width of the HI 
distri but i on about the galactic pl ane is caused by an increase in the 
thickness of the cloud layer . If the hot gas were principally 
responsible for the effect , it is difficult to see why it remained 
relatively localized at large radii when its thermal velocities are 
much greater than the rotation velocity of the Galaxy . The simple 
model of the last section needs to be revised to cover these altered 
circumstances . Fig 8 . 4 : 1 describes the situation schematically , 
F 
2--7-i ,.. ? D fig 8 . 4 : 1 
G ! z 
R ---. _..........,d 
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though none of the following results are dependent on the detailed 
geometry of this diagram . A simple three layer model is applicable to 
the inner regions of a galaxy (FG) , but in the regions beyond the radius 
of the maximum HI density , the situation portrayed along ABC is more 
representative . Instead of a three layer resolution of the two-
component model , there is a single inhomogeneous medium , in which NH and 
TS are functions of radius . On the near side , the path order is from 
C to B to A, while on the far side the order is reversed . Then the 
brightness temperatures of the near and far sides respectively are given 
TN = TAB+ TBC e 
- TN 
- T F ............. (8 . 4 : 1) 
TF TBC + TAB e 
where the AB and BC subscripts refer to the section of path contributing 
the signal and TN and TF are the mean opacities of the near (AB) and far 
(BC ) sides as seen relative to the plane of symmetry BD . The structure 
of the equations giving rise tu TAB and TBC are extensions of those 
describing the three layer problem(equations 8 . 3 : 1), e . g . 
- TN 
TAB= pTc(1 + e) + pTHT 2 , H + (1 - p)THTH + pTH(TH - T2, H)e ••• (8 .4:2) 
where the first term is due to the cold clouds in the beam of temperature 
T and e is a small correction factor allowing for the occurrence of more C 
than one cloud along any line of sight . The second term represents the hot 
by 
gas of opacity T2 , H lying in front of the clouds , while the third is due to 
the hot gas which suffers no absorption by the clouds and the last term 
represents the hot gas which is attenuated en route by cold clouds . TBC is 
described by the same equation , but with all the terms denoted by a 1 • It 
should be noted that the relative importance of the terms in equation 8 . 4 : 2 
depend largely on the corresponding value of p . The rest of this section 
pursues a model in which p ~ 1 . The next section deals with a model in 
which the converse is true and p <<1 . 
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Model with p ~ 1: In this model it is immediately possibl e to ignore the 
third term of equation 8 . 4 : 2 , and it is reasonable to make the additional 
approximation of putting T 2 , H = O. The simplified equations then have 
the form:-
~ T (1 + e ) 
C 
I 
.:::::: T (1 + e) 
C 
••••••••• (8 .4:3) 
It would be expected from these equat ions that a large fraction of the 
signal strength is due to the clouds . Since the section of path AB is 
further from the centre of the galaxy , one would expect that in the 
I 
region where the asymmetry exists Tc s Tc and TH s TH • Then in 
equations 8 .4: 2 and 3 TN and TF are likely to be unequal . 
Adopting the notation of equation 8 .4 : 1 on the understanding that 
these equations are a shorthand form of equat ions 8 . 4 : 3 we obtain the 
relation 
•••••..• • (8 . 4 :4) 
where b is the radius along the minor axis . It is seen in Table 8 . 1 : I 
that the maximum value of TN/TF ~ 0 . 5 , which when TN and TF are large 
suggests that TN/TF ~ TAB/TBC < 1 or TAB< TBc · This result is the 
same in essence as the inequality obtained at the end of section 8 . 3 
for the simple three layer model (TAB < TBC ) . Since TN and TF are 
usually finite in size , the above result can be used to set up the I 
inequality 
< < 
It is easily seen from this relation that the maximum variation of 
TN/TF which can be attributed to the effects of opacity is 1/2 when 
T F ~ 0 and TN >> 1 • 
TN/TF occur only 
In Table 8 . 1 : I such extreme values of the ratio 
in the observations of M31 at b I 
= 30 I 
- 35 • This is 
the range in which the most severe effects of beam smoothing are 
expected . The rest of thes e observations are therefore capable of 
being explained in terms of the opacity of the cloud layer . 
An order of magnitude limit to the value of TN can be obtained by 
reformulating the above inequality using the fact that TAB< TBc · Then 
from the lemma that 
a + b 
C + d 
b 
C a , b , c and d positive numbers 
C ! 0 , a > d, C > b 
and equation 8 .4:4, we may write the inequality 
hence TN 
.............. (8 .4: 5) 
This equation is used to calculate the opacities listed in Table 8 . 1:I . 
It is generally valid provided p ~ 1 . These values are used in section 
8 . 5 to derive the number density of HI needed to account for the 
asymmetry . Finally in the event of very large radii , TAB ~ O, and 
TBC -I= o, it can be seen from equation 8 . 4:4 that TN/TF = 1 (TN ";;f o) . 
8 . 5 Mode l with p << 1 
The previous mode l holds for p ~ 1, particularly in the cases where 
the minor axis of a galaxy is observed at very large inclinations . But 
the outer reaches of a galaxy must thin out at some radius which causes 
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the large p approximation to break down . This section is concerned with 
formulating the equations covering the case where p << 1. This is 
likely t o include galaxies which are seen with small inclination angles . 
As figure 8 .4: 1 applies equally well to the present conditions , 
equations 8 .4: 2 and 8 .4: 3 are carried over unchanged . The simplification 
of equat ion 8 .4: 3 requires the second and fourth terms to be ignored 
f or the case of p << 1. Hence 
TAB p( 1 + e: )T + C (1 - p)THT H 
TBC p ' (1 +e: I )T ' + C (1 - p ')TT 1 H H 
a nd the temperatures for the near and far sides 
TN TAB+ ( 1 - p)TBC 
TF ,...., TBC + (1 - p ' )TAB 
......... (8 . 5: 1) 
are given by 
•••••••.• (8 . 5: 2) 
where the notation used here is the same as that in section 8 .4. Then 
since observationally TN< TF ' it follows that one of the inequalities 
p ' < p and/ or TAB < TBC holds . At radii beyond the peak of the HI 
di s tribut i on, it is probably safe to assume that only the second of 
these relations holds . Then using the argument used in section 8 . 4 to 
obtain equation 8 .4: 5 , we may use the inequality TAB< TBC and 
equations 8 . 5 : 2 to obtain the relation 
p << 1 
.•••••••• (8 . 5: 3) 
TN But when p << 1 , the relation implies that "rr""" ~ 1 . Hence the 
F 
observation of the minor axis asymmetry requires the model constructed 
for the case p ~ 1 . Equation 8 . 5 : 3 explains why a minor axis asymmetry 
is not observed in galaxies with inclinations of less than 60° . 
8 . 6 Estimation of HI Mass Correction 
Since equation 8 .4: 5 expresses TN as a function of terms involving 
the ratio of the brightness temperatures TN and TF ' it is possible to 
use the observed run of the minor axis asymmetry to calculate TN and p 
as functions of b , and hence to derive the intrinsic distribution of 
the HI seen in absorption along the minor axis . A spatial integration 
of the minor axis distribution then gives the total HI mass correction . 
Equation 4. 2: 6 is readily inverted to express the HI number 
density along the line of sight in terms of the opacity T. Thus 
( ) [ ( ) J- 1 19 / 2 ( ) T TV f V x 5 . 45 x 10 atoms cm •• • . 8.6:1 S 0 
and f(V) = 
(V- V )2 (/2n a r 1 exp - ( 0 ) 
V 2a 2 
V 
as before . In applying this to the minor axis, V = systemic velocity 
0 
and a ~ 6 km/sec, the value currently accepted for the Galaxy. Then 
V 
T(b) T (b) 6J1n2 
s 
atoms/cm2 . 
The value of T(b) listed in column four of Table 8 .1:I is calculated 
using equation 8 .4: 5 . To evaluate the HI mass over the whole galaxy 
requires an integration over both the radius band the azimuth in the 
plane of the galaxy(~) so that 
N H, total ~~I cos i 
bT (b )T ( b) , .6 /n2 
s db 
5 . 45 X 10- 19 
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in which i is the inclination. It should be noted that TN is a function 
of b , the radius along the minor axis and not of the radius in the plane 
of the galaxy . Hence only one sec i factor is required to compute the 
mass correction which in solar masses is given by 
sec 
b2 
i J bT N(b)db 
b1 
••••• • •• (8 . 6:2) 
where we assume that T (b) - 6o°K for the sake of evaluating a definite 
s 
number , Dis the distance to the galaxy in Mpc and b1 , b2 are the 
bounds to the integration along the minor axis ; b1 is set by the radius 
of the first observed point showing the asymmetry and b2 by the radius 
of the last point observed along the minor axis . The values of 6~I 
for NCC 247 , 253 and M31 are listed in Table 8 . 6 : I ; their sizes range 
from 130 to 17Cf'/o of the total HI emission mass . The accuracy of these 
corrections is sufficiently vague that the values evaluated from 
equation 8 . 6 : 2 can be added directly to the ordinary emission mass to 
give new estimates of the total HI mass . 
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Despite the fact that a l l estimates used in formulating equation 
8 . 6: 2 are lower limits , it should be noted that the biggest contribution 
to the correction comes from the regions at the largest radii from the 
nucleus . These are the regions where the signal to noise ratio is 
worst, the effects of beam smoothing are liable to be most severe and 
where the approximation p ~ 1 will break down . It is therefore possible 
f or the estimates 6~1 to be overlarge . Only observations of higher 
resolution will be able to clear up this question . 
TABLE 8 . 6 : I 
M31 NGC 253 NGC 247 
1. HI Emission Mass (x109~) 3 . 7 * 1 • 8 1. 5 
2 . 6~1 (p ~ 1, x109~ ) 4. 6 2 . 5 2 .6 
3 . Resulting Total HI Mass(x109~) 8 . 3 4.3 4. 1 
4. Corrected Total HI Mass(x109M0 ) 12 . 0 6 . 1 5.6 
5 . ~I/ ~otal . 039 * 0 . 026 0 . 081 
* reference Roberts (1968b) 
Finally , it was noted in section 8 . 2 that the HI emission mass is 
liable to be underestimated by a factor of 2 because of the assumption 
that T << 1. This factor is relatively independent of the correction 
6fv\rI , as it applies principally to the s ignal observed within the 
radius b1• Line f :bur of Table 8 .6: I li sts the total HI masses after 
allowing for both this factor of 2 and the value of 6~I · Line five 
lists the corresponding ratio of the total HI mass to the mass derived 
from internal motions studies of these galaxies . 
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9 . 1 Summary 
CHAPTER NINE 
CONCLUSIONS 
This thesis was undertaken in the hope of obtaining more 
fundamental data on the masses of galaxies, particularly from a study 
of their internal motions. The reasons for an interest in this problem 
are covered in the Introduction . Mass estimates for individual spiral 
galaxies from their internal motions have been made by many authors over 
the last 20 years, and usually fall in the range from 2 to 20 x 101~. 
The corresponding M/L ratios are usually in the range from 3 to 20 . 
Most of these studies have been made using spectrographs, and are 
consequently limited to the brighter internal regions of galaxies. It 
is only in the last few years , that radio telescopes have attained 
sufficient resolving power to enable fruitful observations of HI in 
external galaxies to be possible . It is probably no accident that 
until now, the nearest large spiral gala:xy , M31 has also been the most 
massive known spiral. NGC 5236 edges it out of this distinction, now 
that it is possible to measure the rotation curve out to a radius of 
60 kpc; whereas the optical observations only extend to a radius of 
6 kpc and predict a mass within the radius which is only 1/20th of 
the total mass , 
The relatively large masses found for some of the galaxies in this 
study and the consequent large values of the M/L ratio are principally 
due to the improvedcapacityfor carrying the observations out to greater 
radii from the nucleus . Table 7 . 4: I shows the mass within the greatest 
observed radius is~ 8CJ% of the limiting mass . It seems unlikely that 
the internal motions masses are in error by more than 5afo when the 
limiting radius is so far beyond the optical bounds of each galaxy . 
But it is still true that mass estimates from the study of double 
galaxies predict generally larger masses than those obtained from the 
internal motions . Thus both of the pairs studied here show minimum 
combined masses which are close to the values found from the internal 
motions studies . It only re~uires the projection factors to-<- 2 for 
the resulting masses to be substantially larger . 
It may be that this problem can be solved by a further study of 
the relative orientations of members of pairs of galaxies (cf . section 
9 . 2) , or by the extension of the ' cosmological expansion force ' to 
the members of pairs of galaxies . This suggestion is tentatively put 
forward in section 7 . 5 to explain the persistence of unstable groups 
such as the Sculptor Group into the present epoch . The existence of 
such an expansion force would nullify the large mean galaxy masses 
estimates with the help of the Virial Theorem and the assumption of 
stability , thereby resolving one of the principal paradoxes in the 
study of the local supercluster . 
A byproduct of the determination of the rotation curves in NGC 300 
and NGC 5236 is the problem of what component in these galaxies supplies 
the mass in the outer non- luminous regions beyond the limiting optical 
radii . In NGC 300 for instance , de Vaucouleurs and Page (1962) are 
I 
able to measure the luminosity out to a radius of~ 13 . 5 . Extrapolating 
the exponential tail of the radial luminosity distribution gives a 
total luminosity of 0 . 14 x 1091a and a mass contribution of - . 096x1o1~ 
(if M/1 = 6 . 7 , the average over the whole galaxy) , or 0 . 72 x 1o1~ 0 if 
we postulate an M/L ratio of~ 50 . On the assumption that the galaxy 
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is in equilihrium under gravitational forces only, the 21 cm rotation 
curve predicts that 3 . 35 x 1o10M0 or 63% of the limiting mass is at 
I 
radii in excess of 13 .5 . 
The most logical alternative source of mass is the interstellar 
gas . HI studies show that the total HI mass of NGC 300 (T << 1) is 
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A two component model of the galaxy (cf . section 8 . 2) 
would multiply this by a factor of two, while a second factor of two 
might be expected if the results of section 8 . 6 are generally applicable 
to the outer regions of spiral galaxies . Hence the work of Chapter 
Eight suggests a total HI mass of~ 2 . 0 x 101~ 0 • Assuming this is all 
in the outer regions of the galaxy , the residual unexplained mass still 
amounts to 25% of the limiting mass . Perhaps this is partly in the 
form of cold dense proto- stars or clouds , with such a small surface 
area that the contribution to the 21 cm signal strength is very small . 
It may be that an appreciable proportion of such hydrogen is in the 
molecular form . When the observational techniques are available, the 
outer regions of spiral galaxies may form suitable sources of H2 line 
emission . A similar situation exists in NGC 5236 . 
Finally the observation of small associations of galaxies raises 
the query whether the alignment of individual members has any real 
significance . This topic is now pursued in the concluding section . 
9 . 2 Double Galaxy Hypothesis 
Rubin and Ford (1 968 ) noticed that in the double galaxy system 
NGC 3226- 7, the position angle of the major axis of NGC 3227 is within 
10° of being along the direction ()IC ) of the radius vector joining the 
0 
two galaxies . A similar correlation is observed between the position 
angle of the major axes of NGC 247 and 5236 with respect to the direction 
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of their companions NGC 253 and NGC 5253 . If this correlation is not 
brought about purely by chance , it may be interpreted as suggesting 
that the plane of the orbit of one member of the pair is approximately 
coincidental with the plane of the galaxy concerned . This is the double 
galaxy hypothesis . The author has no knowledge of any mechanism which 
ensures the truth of this hypothesis , but the occurrence of similar 
behavior in the alignment of the planes of the planets in the Solar 
System perhaps suggests that a common dynamical process is responsible 
for both . 
It is worth pursuing this topi c since if the hypothesis were true , 
it would enable accurate combined masses to be determined from the 
observed parameters of double galaxy systems . Let us assume for the 
moment , the truth of the hypothesis with respect to the orbit of 
NGC 247 about NGC 253 . Assuming NGC 247 is in a stable circular orbi t, 
at some arbitrary epoch of observation , the probability of observing it 
at any particular azimuth in its orbit is constant over the whole 
orbit . If~ is the azimuth in the plane of the orbi t and¢ in the plane 
of the sky, both be ing measured from the position angl e of the major 
axis , the probability of observing NGC 247 in some particular 5° range 
of¢(= ¢1 - ¢2) is 
p(¢2 ~ ¢ ~ ¢1 ) = k(~1 - ~2) 
_ arctan [tan ~2]) 
cos l 
•••••••• (9 . 2: 1) 
where ~1 corresponds with ¢1 and ~2 with ¢2 , k is a constant and 
equation 3 . 2 : 2 provides the coordinate transformation . For the orbit 
of NGC 247 about NGC 253 , i;::,:: 68° . The broken curve in fig 9 . 2:1 shows 
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"' 
Distribution of 1/r ir{ the Coma Cluster is shown as a histogram. The continuous 
curve shows the t'xpected probability distribution ofi f tf the double galaxy 
hypothesis is strictly followed . Dots show the proba~ility distribution if 
i ... 68° as a function of 1/J . 
= 
the distribution of probability of occurrence of~ within the first 
quadrant . If o/ is defined as the acute angle between~ and )k: , for 
0 0 
the first quadrant o/ = ~. Then this curve shows that the probability 
of o/ ~ 10° is 0 . 28 if the double galaxy hypothesis is true . 
In the more general case in which double galaxies may be observed 
with an arbitrary value of i , the distribution of probability of 
observing some o/ is obtained by integrating equation 9 . 2: 1 over all 
val ues of i . The continuous curve of fig 9 . 2:1 shows the resulting 
distribution , with a peak probability for small values of* · A 
rigorous test of the hypothesis requires a comparison of the observed 
distribution of o/ from all double galaxy systems with this theoretical 
curve . As a preliminary shortcut to this test, the distribution of 
val ues of o/ at the centre of the Coma Cluster is checked among the 
208 galaxies for which Rood and Baum (1967) have published major axis 
positi on angles . A histogram of the resulting values of 50 over 
intervals is given in fig 9 . 2: 1 . This has a distribution which is 
markedly different from both a random distribution (expected if the 
hypothesis is untrue) and from the predicted distribution (continuous 
curve) to be expected if the hypothesis is rigorously true . The 
observed distribution has a peak in the Oto 5° range , approximately 
corresponding with the peak probability expected from the strict 
application of the hypothesis , together with a second broader peak 
0 0 f in the 20 to 30 range . The predicted distribution o 
f ,I,~ 450 • in giving the general trend of the values o  
only succeeds 
This non- random distribution of values of o/ in the Coma Cluster 
implies the non- randomness of the correlated values of ~o observed for 
the Sculptor Group (section 7.5), Stephens quintuplet, VV 172 , 
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Fig 9. 2:2 The triple galaxy system NGC 6769-70-71. 
NGC 6769- 70- 71 and NGC 7582- 90- 92 . If the situation in a group or 
cluster can be regarded as a modified double galaxy situation in which 
the mass centroid of the association forms one member , the phenomenon 
observed here is related to the double galaxy hypothesis . Other double 
galaxy pairs for which prints are readily available are listed in 
Tabl e 9 . 2 : I together with the smallest value of w. These results may 
be biased . The starred entries indicate the cases where the brightest 
member has the smallest value of w. If the application of the 
hypothesis is restricted to the less luminous member , then these last 
examples correspond to large values of w. 
TABLE 9.2: I 
NGC w 
205 
- M31 ~ 37° 
221 
- M31 ~ 30° 
247 - 253 ~ 80 
1317 - 16 ~ 22° 
1549 - 53 ~ 15° 
3226 - 27 ~ 90 
3358 - 47 ~ 35° 
4631 
- 56 ~ 49° * 
5194 
- 95 ~ 15° * 
5236 - 53 19° * 
5474 
- 57 no estimate cp0 (5474) 
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APPENDIX ONE NGC 4~ 
RA DEC VEL. w 
MIN.SEC. MIN KM/SEC 
12. 14. 23. 21.7 416.0 2 . 
12. 4. 23. 20.0 414.0 2. 
11. 54. 23. 18.3 402.0 1.5 
11. 44. 23. 16.7 420.0 1.5 
11. 34. 23. 15.1 383 . (J .75 
11 • 44. 23. 15.1 388 . 0 .75 
11. 24. 2 3. 15.1 385 . 0 .5 
11. 54. 23. 15.7 386 . 0 1. 
11. 34 . 23 . 16.7 388 . CJ 1 . 
12. 4. 23. 18.3 400.0 2 . 
11. 44. 23 . 18.3 390 . 0 1 . 5 
11. 1. 23. 17.9 472.0 . 2 
11. 25. 23. 17.9 377 . 0 1. 
11. 25. 23. 11.9 385 . u 1. 
11. 49. 23 . 11.9 394 . 0 1.5 
11. 49. 23. 23.9 408.0 1. 
12. 25. 23. 26.9 528.0 2 . 
2. 49. 23. 26.9 540.0 2 . 
12. 19. 23. 32.9 535.0 2 . 
12. 49. 2 3. 38.9 509.0 .75 
12. 49. 23 . 44.9 502.0 .75 
13. 25. 23 . 11.9 561.0 1. 
13. 25. 23. 29.9 545.0 .2 5 
13. 1. 23. 35.9 538.0 • .2 5 
11. 2 5. 23. 35.9 375 . 0 . 5 
13. 1. 23. 41.9 484.0 . 2 
13. 25. 23. 41.9 484.0 .7 5 
13. 25. 23. 47.9 544.0 .2 
12. 8. 23. 30.3 500.0 • 5 
11. 44. 23. 36.4 427.0 .5 
12. 8. 23 . 30.4 522.0 2 . 
11. 28. 23 . 20.8 406.0 . 5 
10. 21. 23. 11.0 461.0 . 2 
12. 12. 23. 30.0 504.0 1 . 5 
12. 12. 23. 24.0 447. CJ 1 . 5 
APPENDIX ONE NGC 45 
RA DEC VEL . w 
MIN.SEC. . MIN KM / SEC 
12 . 12 . 23 . 36 . 0 548 . U 1 . 
12 . 36 . 23 . 24 . 0 529 . 0 1 . 
13 . o. 2 3 . 24 . 0 52 4. 0 1 . 
11 . 24 . 23 . 24 . 0 390 . 0 . 5 
11 . o. 23 . 24 . 0 434 . 0 . 1 
11 . 24 . 23 . 30 . 0 437 . 0 . 5 
11 . 48 . 23 . 30 . 0 513 . 0 . 75 
12 . 36 . 23 . 30 . 0 523 . 0 . 75 
13 . o. 23 . 30 . 0 ~31 . 0 . 5 
12 . 36 . 23 . 36 . 0 439 . 0 • 2? 
12 . 12 . 23 . 18 . 0 388 . 0 1 . 
12 . 36 . 23 . 18 . 0 400 . (J 1 . 
13 . o. 23 . 18 . 0 452 . 0 1 . 
12 . 12 . 23 . 12 . 0 400 . 0 l . 
12 . 36 . 23 . 12 . 0 390 . 0 1 . 
12 . 12 . 23 . 6 . 0 405 . 0 . 5 
11. 24 . 23 . 6 . 0 405 . 0 . 5 
12 . 36 . 23 . 6 . 0 418 . 0 . 5 
12 . 12 . 23 . 42 . 0 520 . 0 . 25 
12 . 12 . 23 . 48 . 0 510 . 0 . 5 
12 . 12 . 23 . 21 . 0 507 . 0 1 . 5 
11 . 52 . 23 . 23 . 7 481 . 0 1 . 5 
12 . 12 . 2 3 . 21 . 0 527 . 0 1 . 5 
10 . 52 . 23 . 32 . 9 400 . 0 . 5 
12 . 32 . 23 . 30 . 3 523 . 0 2 . 
12 . 12 . 23 . 21 . 0 487 . U 2 . 
11. 12 . 23 . 17 . 1 471 . 0 . 5 
11. 24 . · 23 . 30 . 0 455 . 0 • 5 
11. 48 . 23 . 30 . 0 465 . 0 . 5 
12 . 12 . 23 . 30 . 0 515 . o 1 . 
12 . 36 . 23 . 30 . 0 503 . 0 1 . 
13 . o. 23 . 30 . 0 513 . 0 1 . 
11 . 48 . 23 . 36 . 0 463 . 0 . 1 
12 . 12 . 2 3 • 36 . 0 463 . 0 . 5 
12 . 36 . 23 . 36 . 0 475 . 0 . 25 
APPENDIX ONE NGC 45 
RA DEC VEL . w 
MIN . SEC . MIN KM / SE 
11 . o. 23 . 24 . 0 385 . U . 25 
11. 24 . 2 3 . 24 . 0 482 . . 25 
1 1 . 48 . 23 . 24 . 0 385 . 0 1 . 
12 . 1 2 . 2 3 . 24 . 0 470 . 0 1 . 
12 . 36 . 23 . 24 . 0 515 . 0 1 . 
13 . o. 23 . 24 . 0 513 . U . 5 
12 . 12 . 2 3 • 42 . 0 385 . 0 • 1 
12 . 36 . 23 . 42 . 0 533 . 0 . 25 
13 . o. 23 . 42 . 0 455 . 0 • 1 
11 . 24 . 2 3 . 18 . 0 385 . (J 1 . 
11 . 48 . 23 . 18 . 0 428 . U . 5 
12 . 12 . 23 . 18 . 0 400 . U 1 . 
12 . 36 . 2 3 . 18 . 0 442 . 0 1 . 
13. o. 23 . 18 . 0 455 . 0 1 . 
12 . 12 . 23 . 12 . 417 . 0 . 5 
APPENDIX TWO NGC 247 
RA DEC VEL. w 
MIN . SEC . MIN KM/SE.C 
45. • 20 . 20 .6 76 . . 1 
45. 20 . 20. 50.1 76. 2 . 
45. 16. 2 0 . 44.2 65 . 2 . 
45. 12. 20. 38.3 51 . 2 . 
45. 8. 20. 32.4 47. . 2 
45. 48. 20 . 56.0 137 . 1 . 
45. 12. 20 . 56 . 101 . 1 . 
45. • 20 . 56. 0 30 . t!. • 
44. 36 . 2u . 56.0 123 . 1 . 
46. 12. 20 . 56. 0 200 . 1 . 
44 . 56. 20 . 50 .1 74 . 1 . 
45. 44. 20 . 50 . 1 81 . 2 . 
44. 52. 20 . 44.2 48 . . 5 
45. 44. 20 . 44.2 66 . 2 . 
4 5 . 36. 20 . 38.3 56 . 1. 
46. 8. 20 . 50.l 91 . 2 . 
46. 4. 20 . 44.2. 79. 1 . 
46. • 20 . 38.3 71 . . 5 
46. 32 . 20. 5 0 . l 91 . • 1 
44. 32. 20 . 50.1 47 . . 2 
44. 28· 20 . 44.2 67. 1 . 
45. 32. 20 . 32 .4 lU9 . .4 
44. 8. 20 . 50 .l 106. u . 3 
45. 8. 20. 53.0 100 . 2 . 
45. 32. 20. 53.0 95 . 2 . 
45. 56. 20 . 53.0 100 . 2 . 
45. 4. 20 . 47 . l 12 . 2 . 
45. 28 . 20 . 47.l 7 3 . 2. . 
45. 52. 20 . 47.1 77 . t!. . 
45. 24 . 2u . 41.t!. 68 . 2. . 
44. 40. 21 . 1.9 150 . 1 . 
45. 28. 21 . 1.9 218 . 2. • 
45. 28. 21 . 7.8 239 . 2 . 
44. 48. 21 . 13.7 221 . o . 5 
45 . 24. 21 . 1 . 9 2.24 . t!. . 
APP ENDIX TWO NGC 247 
RA DEC VEL . w 
MIN . SEC . MIN KM/StC 
45 . 52 . 21 . 1 . 9 .215 . 2 . 
45 . 56 . 21 . 7 . 8 232 . 2 . 
46 . • 21 . 13 . 7 243 . LI • 5 
46 . 4 . 21 . 19 . 6 240 . . 2 
46 . 16 . 21 . 
I 
1 . 9 224 . 1 . 
46 . 20 . 21 . 7 . 8 231 . 1 . 
45 . 4 . 21 . 1 . 9 214 . 2 . 
45 . 8 . 21 . 7 . 8 235 . 2 . 
45 . 12 . 21 . 13 . 7 .::'.39 . .2 • 
46 . 24 . 21 . 13 . 7 .2 l 7 • . 5 
44 . 16 . 21 . 1 . 9 252 . . 2 
46 . 8 . 21. 25 . 5 279 . 0 . 1 
45 . 22 . 21 . 10 . 7 L32 . .2 . 
45 . 46 . 21 . 10 . 7 236 . 2 . 
45 . 42 . 21 . 4 . 8 231 . 2 . 
45 . 42 . 21 . 19 . 0 204 . 1 . 
45 . 29 . 21 . 1 . 2 225 . 2 . 
45 . 25 . 20 . 55 . 3 150 . 2 . 
45 . 38 . 21 . 13.1 236 . .2 • 
45 . 46 . 21 . 24 . 9 .::'.08 • .1 
45 . 34 . 21 . 7 . 1 242 . 2 . 
45 . 21 . 20 . 49 . 4 82 . 2 . 
APPENDIX THREE NGC .::'.53 
RA DEC VEL . w 
MIN . SEC . MIN KM/5 C 
44 . 10 . 25 . 35 . 7 460 . (; 1 . 
4 4. 29 . 25 . 31 . 9 450 . 0 • 5 
4 4 . 4 7 . 25 . 28 . 1 430 . 0 . 5 
45 . 6 . 2 5 . 24 . 3 438 . 0 . 25 
45 . 54 . 25 . 24 . 3 411 . 0 1 . 
46 . 54 . 25 . 31 . 9 L88 . 0 . 5 
46 . 34 . 25 . 35 . 7 278 . 0 1 . 
46 . 16 . 25 . 39 . 4 4.::'.8 . 0 1 . 
43 . 52 . 25 . 39 . 4 415 . 0 . 5 
46 . 5 . 25 . 31 . 9 4.::'.3 . 0 2. • 
46 . 2 3 . 25 . 28 . 1 404 . 0 1 . 
45 . 35 . 25 . 28 . 1 414 . 0 2 . 
44 . 45 . 25 . 43 . 2 430 . 0 1 . 5 
4 5. 51 . 25 . 22 . 4 163 . u 1 . 
46 . 10 . 25 . 18 . 7 52 . U 1 . 5 
46 . 28 . 25 . 14 . 9 77 . U 1 . 
46 . 4 7 . 25 . 11 . 1 12.2 . u . 5 
46 . 15 . 25 . 22.4 61 . U ~-46 . 34 . 25 . 18 . 7 49 . u 1 . 5 
47 . 24 . 25 . 20 . 3 L68 e 0 . 5 
47 . 43 . 25 . 16 . 8 .::'.6 7 • U . 5 
46 . 1 . 25 . 16 . 8 82 . U 2 . 
4 6. 25 . 25 . 13 . 0 114 . u . 75 
47 . 6 . 25 . 24 . 3 46. 0 . 5 
47 . 13 . 25 . 13 . 0 141 . 0 . 5 
45 . 5 . 25 . 24 . 3 56 . 0 1 . 
45 . 57 . 25 . 28 . 6 405 . 0 . 5 
45 . 57 . 25 . 28 . 6 416 . U 1 . 
45 . 5 7 . 25 . 34 . 6 423 . 0 2. • 
45 . 57 . 25 . 22 . 6 412 . U 1 . 
46 . 21 . 25 . 28 . 6 55 . U 1 . 
45 . 21 . 25 . 28 . 6 425 . U 2 . 
47 . 21 . 25 . 28 . 6 278 . U . 3 
45 . 39 . 2 5 . 28 . 7 416 . 0 . 25 
4 5 . 38 . 2 5 . 32 . 5 420 . 0 2 . 
APP END I X THREE NGC 253 
RA DEC VEL . w 
MIN . SEC . MI N KM/SEC 
4 6. 14 . 25 . 25 . 0 64 . 0 1 . 
4 6. 39 . 25 . 25 . 0 45 . 1 . 
46. 56 . 25 . 21 . 2 40 . 1 . 
46 . 14 . 25 . 25 . 0 53 . 1 . 
45 . 26 . 25 . 25 . 0 304 . 0 1 . 
4 7. 20 . 25 . 21 . 2 272 . 0 1 . 
47 . 39 . 25 . 1 7. 5 294 . u . 5 
47 . 1 5 . 25 . 17 . 5 266 . U . 75 
45 . 44 . 25 . 21 . 2 61 . 0 . 5 
4 6. 40 . 25 . 9 . 9 119 . 0 . 5 
47 . 29 . 25 . 9 . 9 218 . U . 2 
47 . 47 . 25 . 6.1 241 . 0 . 1 
4 5. 59 . 25 . 28.1 422 . 0 2 . 
4 5 . 39 . 25 . 31 . 9 419 . U 2 . 
45 . 22 . 25 . 35 . 7 430 . U 2 . 
45 . 4 . 25 . 39 . 4 428 . 0 2 . 
44 . 58 . 25. 35 . 7 418 . 0 2 . 
45 . 46 . 25 . 35 . 7 414 . U 2. • 
44 . 40 . 25 . 39 . 4 442 . . 5 
45 . 28 . 25 . 39 . 4 422 . 0 1 . 
44 . 21 . 25 . 43 . 2 480 . 0 . 25 
45 . 9 . 25 . 43 . 2 417 . 0 . 5 
44 . 52 . 25 . 47 . 0 366 . u . 25 
43 . 57 . 25 . 43 . 2 374 . 0 . 5 
45 . 32 . 25 . 43 . 2 423 . 0 1 . 
44 . 16 . 25 . 39 . 4 419 . 0 . 75 
45 . 52 . 2 5 . 39 . 4 411 . 0 2 . 
46 . 10 . 25 . 35 . 7 410 . U 1 . 5 
44 . 53 . 25 . 3 1. 9 406 . 0 . 75 
46 . 29 . 25 . 31 . 9 2.98 . 0 1 . 
APPENDIX THREE NGC 253 
RA DEC VEL . w 
MIN . SEC . MIN KM/SEC 
45 . 19 . 25 . 36 . 3 446 . U 1 . 5 
46 . 34 . 25 . 21 . 1 51 . 0 L e 
46. 52 . 2 S . 17 . 4 42 . u 1 . 5 
47 . 10 . 25 . 13 . 6 47 . 0 • 7 S 
45 . 32 . 25 . 28 . 7 420 . LJ 2. . 
45 . a. 25 . 28 . 7 427 . U 1 . 
46 . 20 . 25 . 28 . 7 433 . 0 1 . 
46 . 44 . 25 . 28 . 7 193 . 0 1 . 
45 . 38 . 25 . 32.5 433 . 0 1 . 
45 . 51 . 25 . 24 . 9 417 . 0 l . 
45 . 51 . 25 . 24 . 9 62. . 0 1 . 
46 . 9 . 25 . 21 . 1 56 . 0 2. . 
46 . 28 . 25 . 17 . 4 5 5 . u • 5 
4 4 . 37 . 25 . 40 . 0 457 . U . 5 
4 4. 6 . 25 . 51 . 4 354 . U • 5 
46 . 39 . 25 . 24 . 9 57 . 0 . 5 
46 . 5 7 • 25 . 21 . 1 40 . u . 5 
45 . 56 . 25 . 28 . 7 407 . u .L . 
45 . 44 . 25 . 36 . 3 4L2 . 0 2. . 
4 5. 25 . 25 . 40 . 0 425 . U 1 . 5 
4 7. 3 5 • 25 . 13 . 6 38 . 0 . 25 
47 . 54 . 25 . 9 . 8 106 . 0 1 . 
43 . 59 . 25 . 47 . 9 110 . u . 5 
. ~ - --
APPENDIX FOUR NGC ~236 
RA DEC VEL . w 
MIN . SEC . MIN KM/Sl:.C 
34 . 4 . 30 . 1 . 0 594 . 0 1 . 0 
34. 4 . 30 . 1. 0 595 . 0 1 . 0 
34. 4 . 30 . 13 . 0 594 . 0 . 2 
33 . 33 . 29 . 4 7. 0 533 . 0 . 75 
33 . 33 . 29 . 53 . 0 550 . 1 . 0 
33 . 33 . 29 . 59 . o ~55 . u . 5 
35 . 4 . 29 . 41 . 2 498 . 0 2 . 
33 . 33 . 29 . 29 . 0 447 . 0 1 . 0 
35 . 3 . 29 . 20 . 1 388 . 0 1 . 5 
35 . 3 . 29 . 26 . 7 390 . 0 1 . 5 
35 . 3 . 29 . 14 . 7 405 . 0 1 . 
35 . 3 . 29 . 19 . 7 402 . 0 1 . 
35 . 3 . 29 . 23 . 7 388 . 0 1 . 5 
34 . 4 7 . 29 . 21 . 7 395 . 0 2 . 
34 . 47 . 29 . 24 . 7 396 . 0 2 . 
35 . 18 . 29 . 21 . 7 402 . u 1 . 5 
35 . 18 . 29 . 24 . 7 398 . 0 2 . 
35 . 34 . 29 . 24 . 7 402 . 0 1 . 5 
35 . 34 . 29 . 21 . 7 400 . 0 l • 
35 . 34 . 29 . 18 . 7 384 . 0 1 . 
34 . 32 . 29 . 22 . 7 396 . 0 2 . 
34 . 32 . 29 . 16 . 7 397 . U • 
35 . 3 . 29 . 8 . 7 432 . U 0 . 5 
35 . 3 . 29 . 2 . 7 424 . u 0 . 5 
35 . 34 . 29 . 2 . 7 459 . 0 0 . 5 
34 . 36 . 29 . 32 . 9 493 . o 2 . 
33 . • 29 . 8 . 8 460 . 0 1 . 
34 . 2 . 29 . 25 . 0 397 . u 1 . 
34 . 33 . 29 . 33 . 1 460 . U 2 . 
33 . 36 . 29 . 27 . 9 434 . 0 lJ . 5 
47 . 5 . 25 . 9 . 8 164 . 0 . 5 
34 . 8 . 29 . 36 . 0 460 . U 0 . 5 
34 . 7 . 29 . 36 . 0 450 . 0 0 . 5 
35 . 4 . 29 . 41 . 0 505 . 0 . 75 
35 . 5 . 30 . 22 . 9 617 . u ,!. • 
... -. -- .. 
APPENL)IX FOUR NGC. 5236 
RA DEC VEL. w 
MIN.SEC. MIN KM/SEC 
36. 39. 29. 53.0 568.0 1 . 0 
36. 39. 29. 59.0 583.0 .7 5 
36. 39. 30 . 5.0 601.U 1.0 
36. 39. 30. 11.0 598.0 .75 
36. 6. 29 . 45.o 504.0 1 . 0 
36. 6. 29 . 51.o 544 . o 1.0 
36. 6. 29. 57.0 587 . CJ .7 ':> 
36. 6. 30. 3.0 603.0 1.0 
36. 6. 30 . 9.0 605.0 1.0 
36 . 6. 30. 15.0 606.0 1 . 0 
36. 6. 30. 21.0 607.0 .7 5 
36. 6. 30. 21.0 560.0 .2 
35. 35. 30 . 25.0 607.U .2 
35 . 35. 30. 19.0 615.0 . 5 
35 . 35. 30. 13.0 612.o 1 . 0 
35. 35. 30 . 1.0 602.0 1 . 0 
35. 35. 30 . 1.0 603.u 1 . 0 
35 . 35. 29 . 55.0 576 . 0 . 5 
35 . 3 5 . 29. 49.0 537 . 0 1.0 
35. 35. 29 . 43.0 480.0 1.0 
35. 4. 29. 47.0 544.0 1.0 
35. 4. 29. 53.0 585.0 .7 5 
35. 4. 29 . 59.0 616.0 1 . 0 
35. 4. 30. 5.0 621.0 1.0 
35. 4. 30 . 11.0 622.0 1.0 
35. 4. 30 . 17.0 625.0 .7 5 
34. 33 . 29 . 45.0 j61.0 1.0 
34. 33 . 29 . 51.0 588.0 1.0 
34. 33 . 29 . 57.0 615.0 1.0 
34. 33 . 30. 3.0 618.0 1.0 
34. 33. 30. 9.0 621.0 1 . 0 
34. 33. 30 . 15.0 622.0 .7 5 
34 . 4. 29. 43.0 563.U .7 5 
34 . 4. 29. 49.0 567.0 1 . 0 
34. 4. 29 . 55.0 578 . 0 1 . 0 
APPENDIX FOUR NGC 5236 
RA DEC VEL. w 
MIN.SEC. MIN KM/SEC 
36. 39. 29. 23.0 450.0 .7 5 
36. 39. 29. 29.0 478.0 1 . 0 
36. 39. 29. 41.0 503.0 .7 5 
36. 39. 29 . 35.0 474.0 1 . 0 
36. 6. 29. 15.0 433.0 .7 5 
36. 6. 29 . 21.0 436.0 .7 5 
36. 6. 29. 27.0 425.0 1 . 0 
36. 6. 29 . 33.0 434.0 1 . 0 
36. 6. 29. 39.0 464.0 1 . 0 
35. 35. 29 . 37.0 450.0 1 . 0 
35. 35 . 29 . 31.0 4i7.0 .7 5 
35. 35. 29. 25.0 400.0 1 . 0 
35. 35. 29. 19.0 412.0 .4 
35. 35. 29. 13.0 426.0 .4 
35. 35. 29 . 1.0 430.0 • 1 
35. 4. 29. 11.0 420.0 .7 5 
35. 4. 29. 17.0 410.0 1 . 0 
35. 4. 29. 23.0 391 . 0 . 5 
35. 4. 29. 29.0 418.0 .7 5 
35. 4. 29. 35.o 470.0 1 . 0 
34. 33 . 29. 9.0 437.0 • 1 
34. 33. 29 . 15.0 410.0 . 2 
34. 33. 29. 21.0 394 . 0 1. 
34. 33. 29. 27.0 414.0 .5 
34. 33. 29. 33.0 469.0 .5 
34. 33. 29. 39.0 533.0 1 . 0 
34. 4. 29. 19.0 412.0 . 2 
34. 4. 29. 25.0 410.0 .3 
34. 4. 29 . 31.0 443.0 1 . 0 
34. 4. 29 . 37 . 0 488.0 1 . 0 
33. 33. 29 . 17.0 407.0 . 2 
33. 33. 29 . 23.0 428.0 .4 
33. 33. 29 . 35.0 474.0 .7 5 
33. 33. 29. 41.0 509 . 0 .5 
36. 39. 29. 47.0 533 . 0 . 5 
.. -. --
APPENDIX FOUR NGC 5236 
RA DEC VEL . w 
MIN . SEC . MIN KM/SEC 
35 . 34 . 29 . 54 . 9 585 . 0 0 . 5 
35 . 34 . 29 . 48 . 9 536 . 0 2 . 
35 . 34 . 30 . 6 . 9 621 . U 2. • 
34 . 49 . 30 . 7 . 9 626 . 0 2 . 
34 . 49 . 30 . 12 . 9 623 . 0 0.5 
35 . 19 . 30 . 8 . 9 621 . 0 2. 
35 . 19 . 30 . 14 . 9 625 . o 1. 
35 . 35 . 29 . 55 . 3 599 . 1 . 5 
35 . 36 . 29 . 43 . 3 501 . 0 2 . 
35 . 4 . 29 . 53 . 2 570 . 0 0 . 5 
35 . 4 . 29 . 47 . 2 572 . 0 1 . 5 
34 . 33 . 29 . 41 . 2 567 . 0 1 . 5 
35 . 35 . 29 . 49 . 3 548 . U 1 . 5 
36 . 7 . 29 . 57 . 4 585 . 0 2 . 
36 . 11 . 30 . 8 . 4 608 . 0 1. 
35 . 9 . 29. 52 . 2 550 . 0 1 . 5 
34 . 38 . 29. 44 . 1 557.0 1 . 
35 . 35 . 29 . 41 . 2 468 . 0 2. 
33 . 31 . 29 . 16 . 9 lt58 . 0 0 . 5 
34 . 36 . 29 . 26 . 9 394 . 0 2 . 
34 . 33 . 29 . 21 . 1 397 . 0 1 . 
34 . 34 . 29 . 39 . 1 544 . 0 2. 
35 . 4 . 29 . 29.2 4 6 . 0 1.5 
35 . 4 . 29 . 35 . 2 442 . 0 2. 
34 . 2 . 29 . 33 . 1 465 . 0 0.5 
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F10. 5.-Velocities, uncorrected for rotation of our Galaxy, from spectra B708, B714, and B717 
(through the nucleus at various angles to the major axis) . ·Dashed line in each case represents the projec-
tion of lhe rotation-curve derived from data on the major axis into the appropriate position angle. Note 
lack of agreement between line and observed points in each case. 
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